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Regulation of the Candida albicans Arginine Biosynthetic Pathway

Claudia Jiménez López, B.S.
Supervisory Professor: Michael C. Lorenz, Ph.D.

Candida albicans is the most important human-associated fungus. It is a
commensal microorganism but also an opportunistic pathogen able to cause superficial
infections as well as life-threatening infections which are associated with a high mortality
rate of 50%. The interactions between C. albicans and the cells of the mammalian innate
immune system, which confer the most important protecting mechanisms against
disseminated infections, are very dynamic and determine the success of C. albicans as a
pathogen. Transcriptional profiling has shown that phagocytosis of C. albicans by
macrophages results primarily in the activation of alternative carbon metabolism
pathways suggesting that the pathogen is exposed to a glucose poor environment.
Changes in amino acid metabolism are not observed, with the only exception of
arginine biosynthesis. The strong upregulation of the arginine biosynthetic (ARG) genes
suggests their importance for C. albicans virulence.
Using single cell reporters I have shown that the (ARG) genes are induced specifically
upon C. albicans phagocytosis in response to ROS produced by the murine macrophages. I
have also shown that these genes are not regulated by the general amino acid control
response, and that Gcn4, the master regulator of this response in S. cerevisiae, is a
negative regulator of the ARG genes in C. albicans. C. albicans also has homologs for some
components of the S. cerevisiae ArgR/Mcm1 negative regulatory complex. Using promoter
dissection and computational analyses, I have identified putative binding sites for some of
these regulators in the promoter of the ARG genes that function in response to arginine and
ROS. Using site-directed mutagenesis and single cell reporters I have shown that there are
v

discrete positive and negative cis acting elements consistent with the promoter dissection
studies that regulate the expression of the ARG genes in response to arginine and
phagocytosis.
Together these studies have shown that the ARG genes in C. albicans are induced
upon phagocytosis by murine macrophages due to the exposure of the fungal cells to ROS.
In addition, the regulation of these genes by arginine limitation and ROS exposure overlaps,
but it is not yet known how ROS induces expression of these genes.
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Chapter 1: Introduction
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INTRODUCTION AND BACKGROUND:
Fungal infections are widely recognized to have a great impact on the life of animals
and plants; reports have shown that the recent emergence of infectious fungal diseases has
resulted in the alarming extinction of several wild animal and plant species [1, 2]. It has also
been reported the increased emergence of fungal pathogens affecting crops worldwide,
compromising food security [3]. While the recognition of fungal infections as a threat for
animal and plant life is evident, the enormous impact that these infections have on human
health has not been widely recognized [4]. The majority of the population will suffer from
fungal superficial infections such as vulvovaginitis, thrush, and mycoses of the skin and nails
that are generally easy to treat [5-8]. Many of these superficial infections are caused by
different Candida species [4]. On the other hand, millions of people around the world are
affected with life-threatening fungal infections that are more difficult to diagnose and treat
[6]. This type of disseminated infection presents a very high mortality rate of 50% or more
even when patients are being treated for the infection [6]. There are risks factors that
predispose individuals to develop life-threatening fungal infections such as the use of
indwelling devices and broad spectrum antibiotics, as well as a compromised immune
system [6, 9, 10]. About one and a half million people die every year as a consequence of
invasive fungal infections; this number is higher than the number of deaths as a
consequence of tuberculosis or malaria [4].
The majority of the deaths associated with invasive fungal infections are caused by
species that belong to one of four genera: Cryptococcus, Aspergillus, Pneumocystis, and
Candida [4]. From this group, Cryptococcus species cause the highest number of lifethreatening infections per year, followed by Candida species; however, infections caused by
Candida species have the highest mortality (46-75%), higher than the mortality rate from the
most severe infections caused by bacteria and viruses [4, 11]. In addition, infections caused
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by Candida species are the fourth most common hospital-acquired bloodstream infections,
representing about 400,000 cases per year [4, 12].

Candida albicans, commensal and opportunistic pathogen of humans: There are
about 150 Candida species; however, only about twelve species can cause fungal infections
including C. glabrata, C. parapsilosis, C. tropicalis, C. krusei, and C. albicans [13]. From this
group, the most prominent species found in almost all patient groups and manifestations of
fungal infection is Candida albicans [6]. C. albicans, first described in 1839 as an
ascomycete [14] is a polymorphic budding yeast, with the striking ability to grow as yeast or
filamentous forms, which can be true hyphae or pseudohyphae [15-18]. True hyphal
filaments develop from an unbudded yeast cell and are distinguished by their parallel-sided
walls. In the pseudohyphal forms, the daughter cell bud elongates and the septum is
formed; however, it remains attached to the mother cell forming constrictions at the place
where the septum was formed [15-18]. Another characteristic of C. albicans is that it
presents a parasexual cycle that involves a phenotypic switching event and the creation of a
tetraploid cell that can undergo chromosome loss to return to diploidy [19-22].
C. albicans is under normal circumstances a benign colonizer of mucosal surfaces in
humans. Indeed, contrary to other fungal pathogens, C. albicans is not commonly isolated
from environmental reservoirs such as soil or decaying vegetative matter [14]. As part of the
normal human microbiota, C. albicans has evolved to survive and colonize different niches
of the human body; therefore, it can be successfully isolated from the gastrointestinal and
urogenital tracts of healthy individuals [23-26]. However, certain changes in the host
environment can result in the transition of C. albicans from a commensal to a pathogenic
microorganism [9, 10, 27]. The spectrum of diseases caused by C. albicans ranges from
mild superficial infections such as oropharyngeal thrush or vulvovaginal candidiasis, to lifethreatening infections including disseminated or invasive candidiasis [6].
3

The risk factors that predispose individuals to develop superficial mucosal infections
include HIV infection, diabetes mellitus, extremes in age, nutritional deficiencies, the use of
broad spectrum antibiotics, and the use of immunosuppressive drugs specially those that
compromise cell-mediated immunity [13, 28, 29]. Oropharyngeal candidiasis or thrush is the
most common fungal infection in immunocompromised individuals. AIDS patients, for
example show a very high incidence of recurrent mucosal candidiasis that usually results in
death [30, 31]. Additional factors that promote development of oral candidiasis include the
use of dentures, poor denture hygiene, salivary abnormalities, radiotherapy, and the use of
inhaled steroids [13]. Regarding the use of antibiotics and its link to an increased risk of
developing candidiasis, it has been shown that the number of different antibiotics used for
the treatment was the most significant factor; and that patients exposed to cephalosporins
and drugs with anti-anaerobic activity were at higher risk [32, 33]. It was also reported that
the broader antimicrobial spectrum and the longer the treatment, the higher the risk to
develop candidiasis [34].
The risk factors that lead to the onset of disseminated C. albicans infections include
colonization of the gut, disruption of mucosal barriers, invasive interventions, chemotherapy,
alteration of the gut epithelium by immunosuppressive drugs, prolonged use of broad
spectrum antibiotics that alter the equilibrium of the gut microbial flora, and neutropenia [9,
33]. Many reports support colonization as a prerequisite for subsequent infection; showing
the sequential spread from the abdominal cavity to other body sites and organs before the
onset of candidemia [35, 36]. The isolation of high numbers of C. albicans from the stool of
cancer patients and newborns has also been reported as a risk factor for candidemia [37,
38] and some authors have suggested that immediate antifungal treatment should be
started as soon as more than two body sites have been colonized as this is predictive of
disseminated candidiasis [39]. In addition, several clinical studies have shown that
disseminated candidiasis is associated with abnormal function and/or numbers of
4

monocytes and neutrophils; for example, patients with chronic granulomatous disease,
leukemia, lymphoma, as well as those undergoing cancer chemotherapy are at higher risk
for disseminated candidiasis [10, 27]. These studies show the important role that the innate
immune system plays in the control of disseminated candidiasis.
The high mortality rate that disseminated C. albicans infections presents results in part
from the limitations associated with diagnostic tools as well as number of antifungal drugs
available for the successful treatment of the infection. The current tools for the diagnosis of
invasive fungal infections are not very efficient; for example, a blood culture has a 50%
sensitivity for detecting invasive candidiasis and other techniques such as PCR-based
assays and fungal antigen detection also suffer from lack of specificity and/or sensitivity; this
combined with the elevated cost they represent in developing countries make the problem
bigger [4].
Despite the importance of C. albicans in human health, antifungal treatments for
invasive candidiasis are still limited. Currently, the most common antifungal agents used for
the treatment of candidiasis can be divided in two groups: those used as the front line
agents including the polyenes, echinocandins, and azoles, and those used as combinatorial
agents including the nucleotide analogues and allylamines [40]. The polyenes act by
disrupting the integrity of the fungal membrane. This group includes nystatin, natamycin, and
amphotericin B (AMB). For example, AMB acts by binding to ergosterol, which is the
principal sterol in fungal membranes, leading to the formation of a pore that causes
increased permeability of the membrane, exposure to oxidative damage and leakage of the
cellular contents [41, 42]. Polyenes are primarily used for the treatment of superficial
candidiasis; however, significant toxicity for mammalian cells has been associated with the
use of polyenes [42]. Azoles represent the largest class of antifungal agents in clinical use.
They act by inhibiting the synthesis of ergosterol specifically at the 14α-demethylation of
lanosterol, resulting in alteration of the normal permeability and fluidity of the fungal
5

membrane [42]. Azoles such as fluconazole, voriconazole, itraconazole, and posaconazole
are commonly used for the treatment of fungal infections; however, some of them interact
with other drugs such as immunosuppressants, prednisolone, and other common drugs
used to treat seriously ill patients that require multiple medications [43].Echinocandins target
the complex of proteins that that is responsible for the synthesis of cell wall β-1,3 glucan
polysaccharides; leading to osmotic instability and cell lysis [42, 44]. Caspofungin,
anidulafungin, and micafungin are echinocandins currently used for the treatment of
disseminated candidiasis [42]. Fluorinated pyrimidine analogs act by inhibiting the synthesis
of DNA and/or RNA [44]. For example, flucytosine is transported inside the fungal cell by a
cytosine permase and then converted to 5-fluorouracil which is incorporated into RNA
causing premature chain termination. This antifungal also inhibits DNA synthesis by
affecting the enzyme thymidylate synthase [42]. It was previously thought that flucytosine
was not a very effective antifungal due to resistance caused by defects of the permease and
enzymes that participate in the antifungal mechanism; however, recent studies have shown
that this is not the case [45]. Allylamines inhibit the synthesis of ergosterol by binding to the
enzyme squalene epoxidase resulting in increased membrane permeability and cell death
[44, 46]. The allylamines include terbinafine and naftifine, and are commonly used for the
treatment of superficial fungal infections of the skin, hair, and nails [44].
The combination of ineffective methods for the diagnosis of fungal infections and the
lack of early directed antifungal therapy make the current antifungal drugs not very
successful for the treatment of invasive candidiasis. This combined with drug restrictions
such as route of administration and spectrum of activity, interactions with other drugs, as
well as the emergence of resistant strains, urge the scientific community to develop new and
more effective antifungal therapies; including the development of a vaccine for the protection
of high-risk populations [4, 47].
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Candida albicans interactions with the mammalian immune system: Innate
immunity is the most important protective mechanism against disseminated candidiasis;
indeed, several clinical reports link abnormal function and/or low number of neutrophils and
monocytes to the development of systemic candidiasis [10, 27]. The immune cells acting as
the first line of defense against C. albicans infections are phagocytes that include
polymorphonuclear neutrophils (PMN) and monocytes that have the ability to differentiate
into macrophages and dendritic cells [48-50].
Neutrophils and monocytes are able to recognize and engulf opsonized and nonopsonized yeast cells [10]. They recognize non-opsonized fungal cells using cell-surface
pattern recognition receptors (PRR) including Toll-like receptors (TLR), C-type lectin
receptors (CLR), and Nod-like receptors (NLR) [51, 52]. These receptors recognize
molecules that are specific and conserved in the microbial cells known as pathogen
associated molecular patterns (PAMPs); since the fungal cell wall is the first structure to
come in contact with the immune cells, cell wall carbohydrates such as chitin, β-glucans,
and glycosylated mannoproteins are the most important PAMPs [53]. Recognition of C.
albicans by PRRs is the first step to elicit the orchestrated response of the immune system
against the fungal pathogen, and many studies have been done to identify PAMPs and their
cognate receptors. For example, TLR2 and TLR4 recognize phospolipomannan and Omannan respectively [53, 54], while the CLR dectin-1, expressed in all phagocytic cells,
recognizes β-glucan structures [55]. In addition, it has been shown that the PRRs can work
independently or in conjunction with other PRRs. For instance, dectin-1 and TLR2 recognize
fungal yeast cells; however, dectin-1 induces phagocytosis, while TLR2 induces cytokine
production [25]. In addition, the CLR dectin-2 acts in cooperation with the opsonin receptor
FCγR in order to recognize hyphae [56]; and the association between dectin-1 and galectin3 (which recognizes β-1,2 mannosides) has been shown to be necessary for recognition of
C. albicans and the subsequent inflammatory response [57]. Additional PRRs include the
7

macrophage mannose receptor which recognizes N-mannans, the CLR Mincle, and DCSIGN (specific to dendritic cells), as well as the intracellular nucleic acid receptors TLR7 and
TLR9 [24, 58]. The two most important receptors whose activation leads to the phagocytosis
of C. albicans cells are complement receptor 3 (CR3) and FCγR [53]. The CLR mannosebinding lectin activates the lectin pathway of complement activation leading to the cleavage
of the complement factor 3, opsonization of fungal cells and phagocytosis by neutrophils
[59]. CR3 recognizes byproducts of the lectin pathway of complement activation as well as
the pH-regulated antigen 1 (Pra1) [58]. On the other hand, FCγRIIa is one of the most
important FCγR receptors that not only induces phagocytosis via the IgG antibody, but also
triggers downstream events that are important for the destruction of the fungal cells [58].
Once the fungal cells have been recognized by the phagocytic cells of the immune system,
these display an array of killing mechanisms to destroy the pathogen including oxidative and
non-oxidative mechanisms [10, 58]. The oxidative mechanisms include the production of
intra and extracellular reactive oxygen species (ROS) by the NADPH oxidase localized in
the cytoplasmic and phagosomal membranes [60]; and intracellular reactive nitrogen
species (RNS) by the inducible nitric oxide synthase (iNOS) from arginine and oxygen [61].
Non-oxidative mechanisms include the production of hydrolytic enzymes such as cathepsin
D in the phagolysosome and the use of pre-formed granules of antimicrobial proteins in the
neutrophils [62, 63]. In addition, neutrophils present a particular killing mechanism known as
neutrophil extracellular traps (NETs). These extracellular fibers consisting of antimicrobial
protein granules and chromatin, are able to kill C. albicans cells in the yeast and hyphal
forms; bypassing the phagocytosis event [64].
Adaptive immunity also plays an important role in the host’s ability to counteract the
fungal infection. TH1 cells are critical for protective antifungal immunity; they are activated in
response to cytokines such as INF-γ, IL-6, TNF-α, and IL-12 and inhibited by cytokines IL-4
and IL-10 which induce TH2 cells. A TH2 response is not protective during fungal infections
8

and is usually associated with the progression of the infection [65]. The delicate balance
between TH1 and TH2 cytokines is very important to elicit a protective immune response
against C. albicans, which is normally a commensal of humans, minimizing immunemediated damage [10]. Phagocytosis of C. albicans cells by dendritic cells, neutrophils, or
macrophages modulates the adaptive immune response in different forms. For example,
phagocytosis of yeast-form cells by dendritic cells or neutrophils induces the TH1 response,
while phagocytosis of hyphae induces the TH2 response. Macrophages activate the adaptive
immune response by antigen presentation and secrete pro-inflammatory signals that
activate the TH1 response [10].
Most C. albicans infections start at mucosal surfaces where this opportunistic pathogen
interacts with other members of the human microbiota as well as with host epithelial cells.
Recent studies have highlighted the importance of epithelial cells (ECs) in eliciting a
protective immunity against C. albicans. As explained before, C. albicans is a commensal in
healthy humans; however, when given the right conditions, it can become pathogenic and
cause disseminated infections as well as the more common superficial mucosal infections. It
is in the latter scenario where ECs have been shown to play an important role in
discriminating commensal vs. pathogenic forms of C. albicans and eliciting the appropriate
immune response [10, 24]. The PRRs that ECs use to recognize C. albicans are different
from those used by phagocytic cells; for instance, TLR2, TLR4 and dectin-1 are not involved
in the activation of epithelial immunity; similarly, PAMPs such as components of the fungal
cell wall are not important for fungal recognition by ECs [66]. Recent studies have shown
that communication between C. albicans, ECs and neutrophils is required for the TLR4
upregulation and subsequent epithelial protection; however, PMN migration or direct cell to
cell contact are not required to elicit this response [67]. In addition, it has been shown that
ECs present a unique mechanism that allow them to discriminate between yeast and hyphal
forms of C. albicans; therefore, allowing the host to recognize the fungal cells as commensal
9

or pathogenic respectively [66]. Both the NF-κB and the MAPK signaling pathways are
important in oral EC responses to C. albicans; however, the MAPK pathway is the
mechanism that oral ECs use to tell when the fungus has become invasive and pathogenic
[24]. Finally, protective immunity elicited by ECs includes the production of the chemokine
CCL20 for the recruitment of TH17 cells which not only drive innate immunity responses, but
also antibody responses, playing an essential role in protective antifungal immunity during
mucosal infections [24, 68, 69]. Indeed, genetic defects that compromise the TH17 response
lead to the onset of chronic mucosal fungal infections [4].
Even though the mammalian immune system has different mechanisms that work in an
orchestrated manner to counteract invasion and colonization by C. albicans; this fungal
opportunistic pathogen has evolved and adapted strategies to evade and escape attack by
the host immune system. One strategy that C. albicans uses to avoid recognition by
phagocytes is masking the highly immunostimulatory β-glucan layer with a thin but dense
layer of mannoproteins [70]. Even though β-glucans as well as mannans are recognized by
PRRs, the induction of an appropriate pro-inflammatory response requires the synergistic
recognition of both PAMPs [55, 71]. Indeed, in the absence of this synergistic recognition,
the pro-inflammatory response switches to a anti-inflammatory response [58]. It has been
shown that “unmasking” the β-glucans using sub inhibitory doses of the antifungal drug
caspofungin increase the production of tumor necrosis factor α (TNF-α) and IL-6 from
macrophages; suggesting induction of a stronger pro-inflammatory response [70]. C.
albicans cells also present the ability to bind negative regulators of the complement cascade
leading to the inhibition of this immunostimulatory mechanism [72-74]. For example, the pHRegulated Antigen Pra1, a glycosylated fungal protein, binds the complement components
Factor H and FHL-1, inhibiting the cleavage of C3 and preventing recognition of the fungal
cells by macrophages as well as subsequent phagocytosis [75]. In addition, Pra1 has been
identified as the first C4BP-binding protein, controlling the classical and lectin pathway
10

complement attack by inhibiting C3b and C4b accumulation on the surface of the fungal
cells, and preventing C4b cleavage; reducing the immune recognition of the fungal cells and
favoring the onset of the infection [76]. Another method that C. albicans utilizes to degrade
the components of the innate immune system is the secretion of aspartic proteases.
Secreted aspartic proteases are a group of ten related proteases which are all expressed
during infection [77, 78]. These proteases degrade host proteins at mucosal sites and
damage host structures facilitating penetration of the tissues by hyphal cells and
dissemination of the infection [77-79]. Additionally, three of these secreted aspartic
proteases, Sap1, Sap2, and Sap3, are able to degrade components of the classical and
alternative complement pathways such as C3b, C4b, and C5; leading to the suppression of
the host complement response [80]. Finally, C. albicans has the property of forming biofilms
on medical devices such as venous and urinary catheters; this type of lifestyle makes C.
albicans more resistant to antifungal drugs as well as less susceptible to the host immune
system [81, 82].
The strategies that C. albicans uses to escape from the phagocytic cells include
aberrant intracellular trafficking, non-lytic exocytosis, induction of phagocyte apoptosis by C.
albicans phospholipomannan [83], and filamentation [58, 84]. Regarding the fate of C.
albicans cells upon phagocytosis it is still controversial whether a phagosome containing the
fungal cell fuses with the lysosome; indeed, it has been shown that phagosomes containing
live C. albicans cells present a low number of late endosomal markers when compared to
phagocytosed heat-killed fungal cells [85]. In addition, upon phagocytosis by macrophages,
C. albicans inhibits acidification of the environment, release of nitric oxide, and raises
phagosomal pH by releasing ammonia as a product of the degradation of amino acids [85,
86]. Recently, a new outcome following phagocytosis of hyphae-producing C. albicans cells
has been described as exocytosis or non-lytic expulsion [87]. By the end of this event both
the fungal cell as well as the macrophage remains viable. It has been suggested that the
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frequency of these events is related to the ability of yeast and hyphal C. albicans cells to
raise the intracellular pH [87].
One of the most important virulence factors that C. albicans possesses is its
polymorphic nature. The ability of C. albicans to reversibly switch between yeast and
filamentous forms in response to environmental signals is determinant for the virulence of
the pathogen [88]. The yeast-to hyphae-transition brings along changes in the composition
of the cell wall protein content such as GPI-anchored proteins and hydrolytic enzymes;
indeed, migration of macrophages towards C. albicans cells depends on the glycosylation
status of the cell wall [89]. In addition, hyphal cells are engulfed by macrophages at a slower
rates than yeast cells and engulfment of hyphal cells depends on the length of the hyphae
and how C. albicans is attached to the macrophage [89]. For instance, cells with hyphae
shorter than 20 µm are phagocytosed faster than those with larger hyphae, and cells that
attached to macrophages yeast end-on or hyphal end-on were phagocytosed faster than
those attached side-on [89]. Moreover, C. albicans uses the filaments to pierce the
macrophages; killing the immune cell and escaping [90]. Regulation of the hyphal transition
in C. albicans is very complicated, and some conditions such as neutral pH, elevated CO2,
serum, temperature (37°C), and N-acetylglucosamine have been shown to induce this
change [91]. It has been suggested that inside macrophages filamentation is induced by
CO2, alkalinization of the phagosome and exposure to reactive oxygen species [86, 92, 93].
In macrophages, CO2 is generated from the metabolism of arginine and C. albicans mutants
that are unable to fully synthesize and degrade arginine show reduced filamentation upon
phagocytosis by macrophages compared to the wild type cells [92]. In addition, it has been
recently shown that activation of the regulator of antioxidant gene expression, Cap1, by
H2O2 is imperative for induction of filamentation and C. albicans escape from murine
macrophages [93]. Differently from macrophages, filamentation of C. albicans cells upon
phagocytosis by neutrophils is completely abolished; however, the ability of fungal cells to
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switch between yeast and filamentous forms is of great importance for the appropriate
activation of neutrophils and the subsequent immune response [94].
Cellular responses of C. albicans to epithelial cells and phagocytes: The
responses of C. albicans to epithelial, endothelial and phagocytic cells have been
extensively studied, and in the case of responses to phagocytic cells, many studies at the
transcript and proteomic levels have been conducted [48, 85, 90, 95-100]. During the
development of mucosal candidiasis such as oropharyngeal thrush, C. albicans cells have to
adhere and invade the epithelial cells of the oral mucosa; similarly, during a disseminated
infection, they adhere and invade the endothelial cells lining the blood vessels [101, 102].
Interactions with epithelial cells induces genes involved in hyphal development, adhesion,
invasion, utilization of alternative carbon sources, amino acid transport, and nitric oxide
detoxification [97, 100, 103]. Additional characterization studies using co-cultures of C.
albicans and FaDu oral epithelial cells isolated from a pharyngeal carcinoma, or
reconstituted human oral epithelium, have lead to the identification of key regulators of C.
albicans-epithelial cells interactions such as Yck2, Vps51, and Uec1 required for invasion
and resistance to antimicrobial peptides [97]; as well as Eed1, required for epithelial escape
and dissemination [100].
C. albicans has a complex response to phagocytosis by different cells of the innate
immune system. This response is a reflection of the environment that it encounters while in
the phagosome. Transcript profiling and proteomics analyses have shown that when C.
albicans is phagocytosed by macrophages there is a shift to a starvation mode that results
in the down-regulation of the glycolysis pathway as well as genes related to translation, and
the up-regulation of the gluconeogenesis and alternative carbon metabolism pathways such
as β-oxidation of fatty acids and the glyoxylate cycle [85, 90]. This carbon starvation
response is very similar upon phagocytosis by neutrophils: there is a down-regulation of the
glycolysis pathway and up-regulation of the glyoxylate cycle [48]. The carbon flexibility
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shown by C. albicans while in the phagosome is considered a survival strategy as mutants
lacking the isocitrate lyase gene ICL1 showed a very significant increase in susceptibility to
neutrophil killing and a severe attenuation in virulence in a mouse model of disseminated
candidiasis [104, 105]. Recently, it has been shown that Icl1 and Pck1
(phosphoenolpyruvate carboxykinase), enzymes of the glyoxylate cycle and
gluconeogenesis respectively, lack critical ubiquitination sites allowing them to avoid
glucose-accelerated protein degradation [106]. In turn, these enzymes are very stable
during short term exposure to glucose, facilitating the rapid colonization of host niches that
contain minimal amounts of glucose [106]. Interestingly, a Pck1 mutant strain showed no
significant increase in the susceptibility to neutrophils killing; suggesting that the
gluconeogenesis pathway is not essential for survival upon phagocytosis by neutrophils but
is required for full virulence [104, 107]. Moreover, mutants lacking the FOX2 gene, which
encodes an enzyme of the fatty acid β-oxidation pathway, showed a moderate but
significant virulence reduction in a mouse model of disseminated candidiasis [105].
In addition to the up-regulation of alternative carbon metabolism pathways, C. albicans
up-regulates few amino acid biosynthetic genes specific to phagocytosis by neutrophils or
macrophages possibly as a result of decreased levels of nitrogen in the phagosome [48, 90,
98]. Upon phagocytosis by neutrophils, C. albicans up-regulates the methionine, arginine,
leucine, and lysine biosynthetic pathways [98] while upon phagocytosis by macrophages the
arginine biosynthetic pathway is the only amino acid biosynthetic pathway up-regulated [90].
C. albicans also induces the expression of genes that encode broad-specificity amino acid
permeases as well as ammonium permeases such as MEP1 and MEP2. Also, Mep2 is a
signaling protein for the induction of filamentous growth through the Cph1p-dependent MAP
kinase and cAMP-dependent signaling pathways upon nitrogen starvation [48, 90, 108].
Additional genes up-regulated upon phagocytosis of C. albicans by macrophages are those
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encoding proteins involved in the uptake of trace elements such as zinc (zinc transporter
Ztr2) , copper (copper transporter Ctr1), and iron (ferric reductases Fre3 and Fre7) [90].
In addition to inducing a starvation response, C. albicans also induces mechanisms to
resist oxidative and nitrosative stresses that the phagocytic cells use as mechanisms of
defense. C. albicans possesses six superoxide dismutases (Sod1-6) that are differentially
induced upon phagocytosis by macrophages or neutrophils [85, 109-111]. For example, the
levels of the intracellular Cu/Zn-containing Sod1 protein are increased upon phagocytosis by
macrophages, and this response is required to counteract the attack of these phagocytes
[85, 111]. On the other hand, the intracellular Mn-dependent Sod2 is necessary to
counteract the neutrophil attack [109]. Expression of surface associated Sod4 and Sod5 are
linked to the yeast and hyphal forms respectively [112], and even when C. albicans cells are
arrested in the yeast form upon phagocytosis by neutrophils, Sod5 is of great importance for
the survival of the fungal cells interacting with macrophages and neutrophils [104, 110]. In
addition, catalase 1 (Cat1), required for the detoxification of H2O2 in C. albicans, and two
glutathione reductases (GRX2 and GRL1) are highly upregulated upon exposure to
neutrophils and required for normal resistance to these immune cells [48, 98, 109, 113].
Finally, genes encoding some components of the thioredoxin system such as TRX1, TRR1,
and TSA1 are upregulated upon phagocytosis by neutrophils, but only TSA1 is upregulated
upon phagocytosis by macrophages [48, 85].
Similar to the induction of mechanisms to counteract the effects of reactive oxygen
species, C. albicans also elicits mechanisms to counteract the effects of reactive nitrogen
species. These mechanisms depend almost entirely on two transcription factors, the positive
regulator Cta4 and the negative regulator Cwt1 [114, 115]. When C. albicans cells are
exposed to neutrophils there is a strong induction of genes involve in the nitrosative stress
response [48, 115], and the flavohemoglobin enzyme Yhb1 is induced upon phagocytosis of
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the fungal cells by macrophages [90]. yhb1 mutants show increased susceptibility to
neutrophil killing that can be rescued by a nitric oxide scavenger [104].

Induction of the entire C. albicans arginine biosynthetic pathway upon
phagocytosis by macrophages: As previously explained, the success of C. albicans to
invade the host and establish infection depends on its ability to survive to the adverse
environmental conditions and nutrient limitations it encounters inside the host. When C.
albicans becomes a pathogen, the first line of host defense it encounters after breaching the
epithelial barrier is the cells of the innate immune system; therefore, the status of the innate
immune system as well as the ability of C. albicans to counteract its attack determine the
progression of the infection. Numerous studies at the transcriptional and proteomic levels
suggest that upon phagocytosis by macrophages, neutrophils, or dendritic cells, C. albicans
cells are exposed to adverse environments that induce transcriptional reprogramming
events that differ in the group and number of genes affected according to the phagocytic
cell [48, 85, 90, 95, 96, 98, 99]. These data underlie very complex and dynamic interactions
between C. albicans and the cells of the innate immune system.
My project was started based on results obtained from a transcript profiling analysis of
C. albicans cells during interactions with murine macrophages [90]. This microarray analysis
was performed taking advantage of an easily propagated macrophage-like cell line and the
remarkable yeast to hyphae transition that occurs when the fungal cells are phagocytosed
by macrophages [90]. The microarray analysis using this important model of host-pathogen
interactions showed that about 10% of the C. albicans genes are differentially regulated
upon phagocytosis by murine macrophages and that this massive transcription
reprogramming event happens in two stages [90]. In an early response, C. albicans
switches to a starvation mode as indicated by the upregulation of the genes involved in the
gluconeogenesis, glyoxylate, and β-oxidation pathways for the use of alternative carbon
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sources. In addition, genes encoding the translation machinery are downregulated. In the
late response, C. albicans resumes glycolysis and the genes of the translation machinery
are expressed at normal levels [90]. At this point, C. albicans has switched from the yeast to
the hyphal form and is able to counteract phagocytosis by using the hyphal filaments to
pierce the macrophages and escape [90] (Figure 1-1A). While about 600 genes are
differentially regulated as part of this massive transcriptional reprogramming, only about 50
genes are regulated in the non-pathogenic yeast Saccharomyces cerevisiae [98]. This
combined with additional characterization of the differentially regulated genes demonstrate
that the transcriptional changes that happen upon internalization of C. albicans by murine
macrophages are determinant for the pathogenicity of this fungus [92, 93, 105, 106, 110].
Among the group of genes regulated upon phagocytosis of C. albicans by murine
macrophages, a remarkable discovery was the upregulation of every single gene of the
arginine biosynthetic pathway (Figure 1-1B), except ARG2, which is regulated at the
translational level. None of the genes involved in the synthesis of the other 19 amino acids
was upregulated upon this condition [90]. Why is the arginine biosynthetic pathway
upregulated upon phagocytosis by macrophages? Why only arginine? Is arginine regulation
important for the virulence of C. albicans? These were the questions that started my project.
A role for arginine in hyphal induction has been proposed; strains that cannot
synthesize or completely degrade arginine have a reduced number of filaments within
macrophages [92]. Arginine is degraded by Car1p to generate ornithine and urea, then urea
is degraded by Dur1,2p to generate ammonia and carbon dioxide. These two compounds
are potent signals for hyphal morphogenesis. Vylkova and colleagues have shown that
under macrophage-like conditions (amino acid rich and glucose poor), C. albicans cells
rapidly alkalinize the medium, and during this “alkalinization” event, CAR1 is upregulated;
and this process is significantly slowed in a dur1,2∆ mutant [86]. Therefore, alkalinization is
linked to morphogenesis and arginine metabolism. By the time I started my project there
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were no solid explanations about the purpose and importance for the induction of the
arginine biosynthetic in C. albicans upon phagocytosis by macrophages; what was
specifically inducing these genes and the transcriptional regulators were unknown.
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Figure 1-1: C. albicans interactions with macrophages results in yeast-to-hyphae
transition and upregulation of the arginine biosynthetic genes
(A) C. albicans cells were cocultured with J774.A murine macrophages for one hour at 37°C
and 5% CO2. Top panel shows yeast cells phagocytosed by macrophages, middle panel
shows phagocytosed cells forming hyphae, and bottom panel shows hyphal cells piercing
the macrophages. (B) Genes of the arginine biosynthetic pathway are upregulated during
interactions with murine macrophages [90]. Genes in red were upregulated more than 3 fold.
Numbers to the right of each gene name represent induction fold.
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Figure 1-1: C. albicans interactions with macrophages results in yeast
yeast--to-hyphae
transition and upregulation of the arginine biosynthetic genes
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Regulation of arginine biosynthesis in S. cerevisiae: The synthesis of arginine has
three main steps which include the synthesis of ornithine, the synthesis of
carbamoylphosphate, and the conversion of these two components to arginine [116]. There
are five mitochondrial enzymes that catalyze the conversion of glutamate to ornithine, and
they are encoded by ARG2, ARG5,6 (encodes a product with two enzyme activities), ARG8
and ARG7. Similarly, three cytosolic enzymes encoded by ARG3, ARG1, and ARG4
catalyze the conversion of ornithine to arginine. CPA1 and CPA2 encode two subunits of the
enzyme needed for the synthesis of carbamoylphosphate which is needed for the synthesis
of arginine [116] (Figure 1-1A). Very little is known about the regulation of the arginine
biosynthetic genes (ARG) in C. albicans; however, extensive studies have been done in
order to understand the regulation of arginine biosynthesis in S. cerevisiae. In S. cerevisiae,
the arginine biosynthetic genes are dually regulated by the activator Gcn4 and the
ArgR/Mcm1 repressor complex [117-123] (Figure 1-2A). When cells are starved for any
amino acid, Gcn4 induces the expression of many genes that are part of amino acid
biosynthetic pathways, including the genes of the arginine biosynthetic pathway [118, 120,
124-126]. This global response to amino acid starvation is known as the general amino acid
control response [118, 126]. During amino acid starvation, Gcn4 concentration increases as
a result of diverse regulatory mechanisms at multiple levels [125]; however, the principal
means of inducing Gcn4 expression is through a unique translational control mechanism
coordinated by the Gcn2 kinase and four short open reading frames that are located
upstream of the GCN4 open reading frame [118, 125]. When S. cerevisiae cells are grown
in arginine rich media, Gcn4 recruits the ArgR/Mcm1 repressor complex to the promoter
region of most of the ARG genes (ARG1, ARG3, ARG5,6, and ARG8) to negatively regulate
their expression [122]. The ArgR/Mcm1 repressor complex in S. cerevisiae is made of four
different proteins: Arg80, Arg81, Arg82, and Mcm1; from this group, Arg80 and Arg81 are
specific regulators, while Arg82 and Mcm1 are global regulators [127]. Mcm1 is an essential
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protein and is described as a “Mcm1, Agamous, Deficiens, and serum response factor”
(MADS) box protein that interacts cooperatively with various sequence-specific transcription
factors to regulate different groups of genes [116]. Arg80 is also considered a MADS box
protein with strong similarity to Mcm1 and generated by a tandem duplication of MCM1;
however, Arg80 is a regulator specific to the ARG genes [116]. Arg80 and Mcm1 form a
heterodimer that is constitutively recruited by Gcn4 to the promoter of some of the ARG
genes to repress their expression [122]. Arg81 is part of the zinc cluster family of
transcription factors and it has been identified as the sensor of arginine [128]. Binding of
arginine to this transcription factor results in a conformational change that stabilizes the
Arg80/Mcm1-Arg81 association [116, 128]. Finally, Arg82 does not present DNA binding
motifs; instead, it has been identified as an inositol polyphosphate kinase required not only
for the stabilization of the MADS proteins Arg80 and Mcm1, but also for mating, cell growth,
and sporulation [116].
A previous study has suggested that the general amino acid control response is also
activated in C. albicans when cells are grown in amino acid deficient media [129]. Based on
non comprehensive studies, it was shown that C. albicans has a functional homologue of S.
cerevisiae Gcn4 and when C. albicans cells are starved for histidine, Gcn4 induces the
expression of not only histidine biosynthetic genes, but also the expression of genes
involved in the synthesis of lysine, tyrosine, phenylalanine and tryptophan [129]. In addition,
C. albicans Gcn4 regulates yeast to pseudo-hyphae transition during amino acid starvation
and is required for biofilm formation [129, 130]. C. albicans also encodes homologues for
Arg81 and Mcm1; while binding sites for Mcm1 have been identified in the promoter of some
of the C. albicans ARG genes [131], a direct role in the regulation of the ARG genes has not
been identified. C. albicans Arg81 was annotated as a putative regulator of the ARG genes
[132]; however, before this project, the only physiological role identified for Arg81 was the
regulation of cell adherence during biofilm formation [133]. Finally, C. albicans has an
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additional ARG81 homologue, ARG83, of unknown function [132]. Even though some of the
transcription factors that regulate the arginine biosynthetic genes in S. cerevisiae are also
encoded by C. albicans (Figure 1-2B), it is not clear whether these transcription factors
indeed regulate arginine biosynthesis, what the conditions are in which these genes are
regulated, and what mechanisms govern this regulation.
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Figure 1-2: Regulation of the ARG genes
(A) In S. cerevisiae the ARG genes are regulated by two mechanisms. When cells are
grown in amino acid deficient media, Gcn4 positively regulates the expression of many
amino acid biosynthetic genes including the ARG genes. When cells are grown in the
presence of arginine, Gcn4 recruits the ArgR/Mcm1 complex to the promoter of some ARG
genes to negatively regulate their expression. (B) C. albicans encodes homologues for
some of S. cerevisiae regulators of the ARG genes but is missing ARG80 and has an
additional homologue for ARG81, ARG83.
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Figure 1-2:
2: Regulation of the ARG genes
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SIGNIFICANCE OF THE STUDY:
C. albicans is part of the commensal flora in healthy humans and it can be isolated from
the gastrointestinal and urogenital tracts [23-26]; however, there are changes in the host
that favor the transition of C. albicans from the commensal state to the pathogenic state [9,
10, 27]. As a pathogen of humans, C. albicans can cause infections that range from
mucosal, relatively easy to treat superficial infections to invasive disseminated infections that
are mostly lethal even when the patient is being treated for the fungal infection [6]. Fungal
infections caused by Candida species are the fourth most common hospital-acquired
bloodstream infections, representing about 400,000 cases per year [4, 12]; and C. albicans
is the most prominent species found in almost all patient groups and manifestations of the
fungal infection [6]. Despite the existence of a variety of antifungal drugs, the treatment of
infections caused by C. albicans remains a challenge. This is mostly due to the lack of
efficient techniques for the diagnosis of the actual infection which delays the initiation of the
antifungal therapy. In addition, there are complications associated with the actual drugs
such as restrictions in the route of administration and spectrum of activity [4, 47]. Other
complications arise from the interactions of the antifungals with other drugs that patients are
being treated with, as well as toxic side effects for the host [4, 47]. All of this highlights the
need for the development of new antifungal drugs to improve the treatment outcomes; for
this purpose, the identification of new drug targets is imperative.
In order to identify new drug targets, it is important to first understand what makes C.
albicans a successful pathogen of humans. In order for C. albicans to invade and colonize
the host it has to be able to adapt to and survive the adverse environmental conditions it
encounters inside the host. The first line of defense that C. albicans encounters upon
colonization of the host is the mammalian innate immune system. Recognition and
phagocytosis of the fungal cells by neutrophils, macrophages, or dendritic cells trigger a
more robust immune response against this pathogen. However, C. albicans has evolved
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different mechanisms to avoid and escape the attack of these phagocytic cells. Numerous
transcriptional and proteomic profiling analyses have been conducted in order to identify the
changes that happened in this pathogen upon interactions with the phagocytic cells [90, 96,
98-100, 134]; changes that should in theory, help C. albicans thrive within the varied human
niches.
Many groups have performed additional characterization of the differentially regulated
genes or expressed proteins upon phagocytosis by macrophages or neutrophils; and
indeed, genes that were highly up-regulated according to the profiling studies, showed to
have significant impact on the virulence of C. albicans [92, 93, 104-106, 109-111, 113]. One
of the transcriptional profiling analysis showed that the entire arginine biosynthetic pathway
is strongly upregulated when C. albicans cells are internalized by murine macrophages, and
remarkably, arginine biosynthesis is the only amino acid biosynthetic pathway upregulated
upon this condition [90]. Based on previous work that showed that some of the highly
upregulated genes are indeed determinant for C. albicans virulence, we hypothesized that
the genes of the arginine biosynthetic pathway are also important for the survival of C.
albicans inside the host and contribute to its ability to cause disease.
When my project was started, very little was conclusively known about the regulation of
the ARG genes in C albicans, there were some assumptions made based on comparison to
regulation of the ARG genes in the non pathogenic yeast S. cerevisiae. My work has shown
that the ARG genes are upregulated upon phagocytosis of the C. albicans cells by murine
macrophages; and that they are regulated in response to exposure to ROS produced by the
immune cells [135]. Moreover, I have shown that while the S. cerevisiae ARG genes are
induced upon amino acid starvation as part of the general amino acid control response, the
C. albicans ARG genes respond specifically to arginine, and their induction is not controlled
by Gcn4 as part of the general amino acid control response. Indeed, I have shown that
Gcn4 is a negative regulator of the ARG genes [135]. How these genes are induced by ROS
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is still a mystery; however, I have been able to show that the regulatory elements that are
required for the regulation of the ARG genes in response to arginine are the same as those
needed for the regulation upon exposure to ROS. The recent construction of a toolbox of
epitope-tagged transcription factors will help elucidate the mechanisms for the regulation of
the ARG genes upon amino acid starvation as well as exposure to ROS and other relevant
conditions.
C. albicans is both a pathogen of clinical significance as well as a model for scientific
investigation. The primary goal of the work presented in this thesis was to understand the
regulation of the arginine biosynthetic genes in C. albicans upon phagocytosis by
macrophages; and in consequence, to elucidate the mechanisms that contribute to the
ability of C. albicans to survive and cause disease in its mammalian host. A better
understanding of host-pathogen interactions may lead to the identification of biological
features that are unique to the pathogen which can potentially be used for the development
of new approaches to improve antifungal treatments and decrease the mortality of infections
caused by C. albicans.
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Chapter 2: Materials and Methods

NOTE: Portions of this chapter are result of work published in 2013: “Candida albicans
Induces Arginine Biosynthetic Genes in Response to Host-Derived Reactive Oxygen
Species.” Eukaryotic Cell 12 (1): 91-100 (doi:10.1128/EC.00290-12).
I am the first author for this publication and was responsible for preparing the original
manuscript and conducting the majority of the experiments described in this paper. I have
permission to reproduce any and all of this manuscript, in print or electronically, for the
purpose of my thesis in accordance with the American Society for Microbiology (publisher of
Eukaryotic Cell) “Journals Statements of Authors’ Rights.”
http://journals.asm.org/site/misc/ASM_Author_Statement.xhtml
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Strains and media: C. albicans strains and plasmids used for these studies are listed in
Table 2-1 and 2-2 respectively. The C. albicans strains I constructed are based on the
background strain SC5314 [136] or its derivative RM1000 (Ura-His-) [137]. Strains were
cultured in standard yeast media including YPD (1% yeast extract, 2% peptone, 2%
glucose) and YNB (0.17% yeast nitrogen base without amino acids, 0.5% ammonium
sulfate, 2% glucose)[138] at 30°C unless a different temperature is indicated. To test the use
of different carbon or nitrogen sources, glucose or ammonium sulfate were replaced
respectively with the indicated compound. Amino acids were added to YNB where indicated.
C. albicans transformations were done by electroporation [139, 140]. J774.A and Raw264.7
murine macrophages (ATCC) and co-cultures were grown at 37°C, 5% CO2 in RPMI media
containing glutamine and HEPES, supplemented with 10% fetal bovine serum (SigmaAldrich) and 100 U penicillin / 0.1 mg/ml streptomycin.

Construction of C. albicans mutants: The uga33∆/∆, arg81∆/∆, and arg83∆/∆
homozygous mutants were constructed using the SAT1 flipper method described by Reuβ
[140] and C. albicans SC5314 as the background strain. Briefly, up and downstream
homology regions were consecutively cloned to the respective side of the SAT1 flipper
cassette in the pSFS1 vector [140] using the restriction sites KpnI and XhoI for the upstream
homology regions, and SacI and SacII for the downstream homology regions. The new
construct was transformed into C. albicans SC5314 using electroporation [139, 140] and the
nourseothricin resistant candidates were selected in YPD agar plates supplemented with
200 µg/ml of the compound. The SAT1 cassette was excised out of the first allele by
growing the cells in YCB-BSA (yeast nitrogen base without amino acids and ammonium
sulfate supplemented with 0.4% BSA) liquid media at 30°C for about four days. Candidates
that were able to grow in YPD but not YPD supplemented with nourseothricin were used for
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disruption of the second allele by repeating the transformation and cassette excision steps.
Excision of the SAT1 cassette and homozygous deletion of the gene were checked by PCR.
The arg81∆, arg83∆, and gcn4∆ single heterozygous mutants as well as the arg81∆
arg83∆, arg81∆ gcn4∆, and arg83∆ gcn4∆ double heterozygous mutants were constructed
using the SAT1 flipper method described above [140] with only one transformation-excision
round. These mutants were created in the C. albicans RM1000 (Ura- His-) strain with the
purpose of protein tagging. Similar to the homozygous mutants, heterozygosity was
confirmed by PCR.

Construction of C. albicans reporter strains: To construct the reporter strains, the HIS1
gene from plasmid CIp20 [141] was incorporated into plasmids pGFP and pACT1-GFP [107]
to generate pCJ1 and pCJ2, respectively. One thousand base pairs of the promoter region
of ARG1 (pCJ5), ARG3 (pCJ4) and ARO4, 674bp of LYS1 and 500bp LEU2 were PCR
amplified from genomic DNA and individually cloned into plasmid pCJ1 immediately 5’ of the
translational start of the green fluorescent protein (GFP). Similarly, 500, 400, 300, 200, and
100bp of the promoter region of ARG3 (starting from the translational start site) were cloned
into plasmid pCJ1 as described above in order to create the promoter truncation GFP
reporter constructs. Additional promoter truncation reporters were constructed using 275,
225, 175, and 132 of the promoter region of ARG3. The resulting pCJ1 and pCJ2 as well as
all the reporter constructs were linearized with StuI and used to transform C. albicans
RM1000 (Ura-His-) using electroporation [139, 140]. The integration of each construct at the
RPS10 locus was confirmed by PCR. In addition, pCJ1, pCJ2, pCJ4, and pCJ5 were
similarly linearized and integrated into gcn4∆/∆, arg81∆/∆, and arg83∆/∆ mutants created
by Dominique Sanglard [132, 142]. The C. albicans ARG1, ARG3, ACT1, and promoterless
GFP reporter strains in the wild type (SC5314) and mutant backgrounds were also
transformed with the ADH1p-yCherry plasmid [143, 144]; briefly, the plasmid was linearized
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with SalI and incorporated at the ADH1 locus by electroporation. Integration at the correct
locus was confirmed by PCR.
RACE: Identification of the transcriptional start sites in the ARG1 and ARG3 genes was
achieved by rapid amplification of cDNA ends (RACE) using the First Choice ® RLM-RACE
kit and protocol from Ambion. C. albicans SC5314 cells were grown overnight on YPD,
subcultured the next day into fresh 25 ml of YPD to an OD600 of 0.25 and grown to an OD600
of 1.0 at 30°C. Next, the cells were washed once with water and transfer to 25 ml of fresh
YNB media for 15 minutes 30°C. RNA was collected using the hot acidic phenol method
[145]. 10 µg of RNA was used as the starting material. The final 5’RACE products were
cleaned using the DNA Clean and Concentrator-5 Kit from Zymo Research before they were
sent for sequencing.

Analysis of the GFP full length and promoter truncation reporters using fluorescence
microscopy: To test arginine-dependent expression of the ARG1-GFP and ARG3-GFP
reporter constructs in vitro, overnight YPD cultures were diluted 1:50 in fresh YPD or YNB
and grown for 4 hours at 30°C. 5µl of each culture were used for microscopy with an
Olympus IX81–ZDC confocal inverted microscope and the SlideBook 5.0 digital microscopy
software (Intelligent Imaging Innovations, Inc.). For the in vitro assays using YNB
supplemented with different amino acids, YPD overnight cultures were diluted 1:50 in fresh
YPD or YNB supplemented with 20, 100, and 200 µg/ml of L-arginine, or 200µg/ml of Llysine or L-leucine, and grown for 4 hours at 30°C.
To normalize the fluorescent signal across different strains and experiments, we
calculated the ratio between the background-subtracted fluorescence intensity of GFP and
the constitutively-expressed yCherry obtained with the appropriate filter sets using
Slidebook software, as previously described [143]. A cell-free portion of each field was used
as background, except in the BMDM experiments in which the entire field was used as
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background to compensate for a low-level autofluorescence in the macrophages. At least
50 cells were counted for each reporter strain and each localization (intracellular versus
extracellular, for instance).
For co-cultures with J774.A, RAW264.7, or bone marrow-derived macrophages, the
cells were seeded onto cover slips in 12-well plates (5 X 106 cells/ml) at least 2 hours prior to
initiating the co-cultures. C. albicans cells harboring the desired GFP reporter were grown
overnight in YPD, diluted 1:50 in fresh YPD and grown for 4 hours at 30°C. Cells were then
washed once with water, resuspended in phosphate-buffered saline (PBS), counted and
incubated with the macrophages at a 1:1 ratio. The co-cultures were incubated at 37°C, 5%
CO2 for 1 hour, and fixed with 4% paraformaldehyde. Fixed cells were stored at 4°C. Prior to
imaging cells were washed with PBS twice and stained with 35 µg/ml calcofluor white for 30
seconds to distinguish between intracellular and extracellular C. albicans.

Site-directed mutagenesis: Putative cis acting elements in the promoter of ARG3 were
either completely deleted or mutated by base pair substitution using overlapping extension
PCR. This is achieved with two rounds of PCR, using three sets of primers to amplify first
the 5’ and 3’ part of the promoter from the cis acting element and then using these PCR
products as the template for the second PCR reaction using the outermost primers. The
innermost primers have at least 20bp homology to each other usually outside the sequence
to be mutated. The product from the second PCR reactions were cleaned and ligated into
the pCJ1 vector using the enzyme restriction sites MluI and HindIII. Minipreped DNA was
sent for sequencing to confirm that the desired deletions and base pair substitutions were
achieved and that no additional mutations were created in the process. The confirmed
constructs were linearized with StuI and transformed into C. albicans RM1000-yCherry using
electroporation.
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Gene expression following exposure to reactive oxygen using GFP reporters: ARG3GFP cells grown overnight in YPD were diluted 1:50 in fresh YPD and grown for 4 hours at
30°C. Cells were washed once with water and resuspended in PBS. 1 X 106 cells were
inoculated onto cover slips on 12-well plates containing 2 ml of RPMI media with or without
hydrogen peroxide (0- 5.0 mM). Cells were incubated at 37°C, 5% CO2 for 1 hour. Cover
slips containing the attached cells were used for microscopy. Gene expression was also
assessed using northern blot analysis as explained below.

Northern blot assays: C. albicans cells grown overnight in YPD were diluted in fresh YPD
to an O.D600 of 0.25 and grown to an O.D600 of 1.0. To assess gene expression in response
to oxidative or nitrosative stress, cells were exposed to the indicated concentration of
hydrogen peroxide, menadione, tert-butyl hydroperoxide (t-BOOH), paraquat, or nonoate for
15 minutes at 30°C. Cells were pelleted by centrifugation and frozen on dry ice-ethanol.
RNA was isolated from each sample using the hot acidic phenol method [145]. A total of
10ng of RNA was loaded and run on a 1% MOPS/formaldehyde agarose gel, transferred to
nylon membranes using 10X SSC buffer (1X SSC buffer is 0.15 M sodium chloride and
0.015 M sodium citrate), and hybridized with randomly labeled probes specific to each gene,
using standard protocols [145]. Briefly, probes specific for each gene were constructed by
PCR amplification, gel purified and labeled with α-ATP 32P using the RadPrime DNA labeling
system from Invitrogen. After labeling, probes were purified using Sephadex G-25 Roche
Quick Spin columns. UV crosslinked blots were incubated in pre-hybridization solution for 2
hours at 42°C followed by hybridization overnight at the same temperature. Blots were
detected using a Storm 840 phosphorimager (Molecular Dynamics) and analyzed using the
Image Quant 5.2 software.
To assess gene expression upon amino acid starvation, C. albicans cells were grown
overnight in YPD, diluted in fresh YPD to an O.D600 of 0.25 and grown to an O.D600 of 1.0.
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Then, cells were washed once with water and transferred to YNB or YNB supplemented with
the indicated amino acid and grown for 15 more minutes at 30°C. The protocol described
above was followed after this step.

In-silico analysis of transcriptional regulators: In order to identify putative regulatory
binding sites for Mcm1, Gcn4, Arg81 and Arg83 in the promoter of the ARG genes, the
Yeastract Database [146] (http://yeastract.com/index.php) and the PatMatch program from
the Candida Genome Database [132] (http://candidagenome.org/cgi-bin/PATMATCH/nphpatmatch) were used. First, using the Yeastract Database, consensus sequences for the
binding of S. cerevisiae Mcm1, Gcn4, Arg81, and Arg83 were identified. Then, the PatMatch
program was used to identify similar sequences in the promoter regions of the C. albicans
genes.

Protein tagging regulators of arginine biosynthesis: Mcm1, Arg81, Arg83, and Gcn4
were epitope tagged using the method and plasmids described by Lavoie and colleagues
[131] in the single or double heterozygous strains arg81∆, arg83∆, gcn4∆, arg81∆ arg83∆,
arg81∆ gcn4∆, and arg83∆gcn4∆ made from the RM1000 strain. The Mcm1 protein was
tagged in each of the single heterozygous strains. Briefly, each tag-marker cassette was
amplified from the appropriate vector [131] using a single 120 bp primer pair each consisting
of 20bp of vector sequence and 100bp from the gene to be tagged. The PCR products were
cleaned using the DNA Clean and Concentrator-5 Kit from Zymo Research and
resuspended in 5 µl of sterile water. The clean products were transformed in the appropriate
single or double heterozygous strains using electroporation. Integration of the cassette at
the correct locus was verified using two sets of primers as explained by Lavoie and
colleagues [131] followed by DNA sequencing. For the strains harboring two tagged
proteins, tagging was done in a consecutive manner.
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Total cell protein extraction: C. albicans wild type (SC5314) and tagged strains were
grown overnight in 5 ml YPD at 30°C. The next day, cells were washed once with sterile
water, subcultured to an OD600 of 0.2 in 100 ml of synthetic complete media (SC)
supplemented with 2% glucose and grown to an OD600 of 1.0. Cells were washed with sterile
water and pelleted by centrifugation. Cell pellets were frozen using dry ice and ethanol, and
store at -80°C for protein extraction. For protein extraction, pellets were washed with IP50
buffer (50 mM Tris HCl pH 7.5, 50 mM NaCl, 2 mM MgCl2, 0.1%TritonX-100, 1 mM PMSF,
0.007% BME, and 1 complete protease EDTA-Mini tablet from Roche for up to 50 ml of
buffer) and resuspended in 300 µl of the same buffer. Cells were broken using acid-washed
glass beads and 10 cycles of 1.5 minutes vortexing followed by 1 minute on ice. Samples
were centrifuged at 7000 rpm for 7 minutes in a microcentrifuge at 4°C. The supernatant
containing the total cell protein extraction was transferred to a new eppendorf tube. The
amount of protein in each sample was measured using the Bradford Assay [147].

SDS-PAGE and Western blot analysis: Protein samples were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis at 80V (SDS-PAGE), using a 4%
stacking gel and 6% resolving gel; and transferred to a nitrocellulose membrane using 1X
transfer buffer (25 mM Tris, 192 mM Glycine, 20% (v/v) methanol) at 100V and 4°C for one
hour. The membrane was blocked using 5% milk in 1X TBS-Tween 20 (0.1%) overnight with
gentle shaking at 4°C. To detect the TAP tag, polyclonal rabbit anti-TAP antibody (Thermo
Scientific) diluted 1:1000 in 5% milk-1X TBST was used. Similarly, monoclonal mouse antimyc antibody [148] in a 1:1000 dilution was used to detect the myc tag. Goat anti-rabbit
(Biorad) and rabbit anti-mouse (Santa Cruz Biotechnology) antibodies conjugated to
horseradish peroxidase (HRP) were used as secondary antibodies in a 1:4000 dilution in 5%
milk-1X TBST. Incubation with the primary and secondary antibodies was done at room
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temperature with gentle shaking for one hour. Western blots were developed using the
Pierce ECL Western Blotting Substrate kit from Thermo Scientific.

Screening of mutant libraries: The libraries screened were created by Clarissa Nobile and
Aaron Mitchell [149], and Dominique Sanglard [142]. The screening was done by growing
each mutant on SC media supplemented with 2% glucose and SC-Arg solid media at 30°C.
To complement the transcription factor candidate mutants, the ORF encoding the cognate
transcription factor (plus 750bp upstream and 350bp downstream the ORF) was amplified
by PCR using genomic DNA from C. albicans SC5314, gel purified, and ligated into the
CIp20 vector [141] using the restriction sites SalI and MluI. The empty vector and the one
harboring the gene encoding the cognate transcription factor were linearized with StuI and
transformed into the appropriate mutant using electroporation. Correct integration at the
RPS10 locus was confirmed by PCR.

Spot dilution assays: C. albicans strains were grown overnight at 30°C. The next day, cells
were washed once with sterile water and resuspended in 200 µl of sterile water. 1:25 serial
dilutions were made in a 96-well plate starting with an OD600 of 1.0. Dilutions were spotted
with a multichannel pipette on solid media containing the indicated compound. Plates were
incubated at 30°C unless specified otherwise.

End-point dilution assays: 2 X103 RAW264.7 macrophages were seeded at least 2 hours
prior to starting the co-culture in each well of 6 wells of a 96-well plate. C. albicans cells
were grown overnight at 30°C. The next day they were washed and resuspended in RPMI
and added to the first well containing macrophages in a 1:1 ratio. 1:5 serial dilutions were
done starting from this concentration. Using the same starting concentration and dilution
factor, C. albicans cells were seeded in wells containing RPMI media only as control wells.
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The plate was incubated at 37°C, 5% CO2 for 48 hours. Microcolonies at the bottom of the
wells were counted and compared to those that formed in the wells containing C. albicans
cells only. The percent survival was calculated using the following formula: (number of
microcolonies in the coculture wells/ number of microcolonies in the C. albicans only wells)
X 100.
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Table 2-1: List of strains used in these studies
Strain name
RM1000
CJC5

Relevant genotype
ARG3p-GFP

CJC25

Promoterless GFP, ADH1pmCherry

CJC26

ACT1p-GFP, ADH1p-mCherry

CJC27

ARG1p-GFP

CJC28

ARG1p-GFP, ADH1p-mCherry

CJC29

ARG3p-GFP, ADH1p-mCherry

CJC30

LYS1p-GFP, ADH1p-mCherry

CJC31

LEU2p-GFP

CJC32

ARO4p-GFP

HZY28

ARG81 mutant

DSY3426-2

ARG83 mutant

DSY3233

GCN4 mutant

CJC33

ARG3p-GFP, ADH1p-mCherry in
ARG81 mutant

CJC34

ARG3p-GFP, ADH1p-mCherry in
ARG83 mutant

CJC35

ARG3p-GFP, ADH1p-mCherry in
GCN4 mutant

WT-OXYellow

CTA1p-GFP, ADH1p-yCherry

JMR079

UGA33 mutant

CJC36

UGA33 complemented

CJC37

UGA33 mutant plus CIp20
(empty vector)

CJC38
CJC39
CJC40

UGA33 mutant-1
UGA33 mutant-2
RM1000-ycherry

CJC41

ARG3500p-GFP

Complete genotype
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10::URA3-HIS1-GFP
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10::URA3-HIS1-GFP
ADH1/adh1::yCherry-SAT1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10:: ACT1p-GFP-URA3-HIS1
ADH1/adh1:: yCherry-SAT1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10:: ARG1p-GFP-URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10:: ARG1p-GFP-URA3-HIS1
ADH1/adh1:: yCherry-SAT1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10:: ARG3p-GFP-URA3-HIS1
ADH1/adh1:: yCherry-SAT1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10:: LYS1p-GFP-URA3-HIS1
ADH1/adh1:: yCherry-SAT1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10:: LEU2p-GFP-URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
RPS10/rps10:: ARO4p-GFP-URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
arg4::hisG/arg4::hisG arg81::HIS1/arg81::ARG4
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
arg4::hisG/arg4::hisG arg83::URA3/arg83::ARG4
ura3::λimm434/ura3:: λimm434
gcn4::hisG/gcn4::hisG
ura3::imm434/ura3::imm434 his1::hisG/his1::hisG
arg4::hisG/arg4::hisG arg81::HIS1/arg81::ARG4
RPS10/rps10:: ARG3p-GFP-URA3-HIS1
ADH1/adh1:: yCherry-SAT1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
arg4::hisG/arg4::hisG arg83::URA3/arg83::ARG4
RPS10/rps10:: ARG3p-GFP-URA3-HIS1
ADH1/adh1:: yCherry-SAT1
ura3::λimm434/ura3:: λimm434
gcn4::hisG/gcn4::hisG
RPS10/rps10:: ARG3p-GFP-URA3-HIS1
ADH1/adh1:: yCherry-SAT1
ura3::λimm434/ura3:: λimm434 CTA1p-EGFPURA3::hisG
ADH1p-yCherry-SAT1
ura3::imm434/ura3::imm434 iro1/iro1::imm434
his1::hisG/his1::hisG arg4/arg4
uga33::ARG4/uga33::URA3
ura3::imm434/ura3::imm434 iro1/iro1::imm434
his1::hisG/his1::hisG arg4/arg4
uga33::ARG4/uga33::URA3
RPS10/rps10::UGA33-HIS1
ura3::imm434/ura3::imm434 iro1/iro1::imm434
his1::hisG/his1::hisG arg4/arg4
uga33::ARG4/uga33::URA3
RPS10/rps10::HIS1
uga33::FRT/uga33::FRT
uga33::FRT/uga33::FRT
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
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Source/Reference
Wilson et al. 1999
Jimenez Lopez et al. 2013
Jimenez Lopez et al. 2013

Jimenez Lopez et al. 2013

Jimenez Lopez et al. 2013
Jimenez Lopez et al. 2013

Jimenez Lopez et al. 2013

Jimenez Lopez et al. 2013

Jimenez Lopez et al. 2013
Jimenez Lopez et al. 2013
Vandeputte et al. 2011
Vandeputte et al. 2011
Vandeputte et al. 2011
Jimenez Lopez et al. 2013

Jimenez Lopez et al. 2013

Jimenez Lopez et al. 2013

Brothers et al. 2011

Nobile and Mitchell. 2009

This study

This study

This study
This study
This study
This study

CJC42

ARG3400p-GFP

CJC43

ARG3300p-GFP

CJC44

ARG3250p-GFP

CJC45

ARG3225p-GFP

CJC46

ARG3200p-GFP

CJC47

ARG3175p-GFP

CJC48

ARG3132p-GFP

CJC49

ARG3100p-GFP

CJC50

ARG3Δ-215to-220p-GFP (SDM1)

CJC51

ARG3Δ-217and-218p-GFP (SDM2)

CJC52

ARG3Δ-200to-205p-GFP (SDM3)

CJC53

ARG3Δ-203and-205p-GFP (SDM4)

CJC54

ARG3Δ-186to-196p-GFP (SDM5)

CJC55

ARG3Δ-187,188,194and-195p-GFP (SDM6)

RPS10/rps10::ARG3500p-GFP-URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3400p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3300p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3250p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3225p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3200p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3175p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3132p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3100p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3Δ-215to-220p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3Δ-217and-218p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3Δ-200to-205p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3Δ-203and-205p-GFP-URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3Δ-186to-196p-GFP -URA3-HIS1
ura3::λimm434/ura3:: λimm434 his1::hisG/his1::hisG
ADH1/adh1::yCherry-SAT1
RPS10/rps10:: ARG3Δ-187,188,194and-195p-GFP -URA3-HIS1
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This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Table 2-2: List of plasmids used in these studies
Plasmid

Features

Reference

CIp10

CaURA3-RPS10

Murad, et al.

CIp20

CIp10-HIS1

Denninson, et al.

pGFP

CIp10-GFP

Barelle, et al.

pACT1-GFP

CIp10-ACT1p-GFP

Barelle, et al.

pCJ1

pGFP-HIS1

This study

pCJ2

pACT1-GFP-HIS1

This study

pCJ4

pCJ1-ARG3p-GFP

This study

pCJ5

pCJ1-ARG1p-GFP

This study

pADH1-mCherry

CIp-ADH1p-mCherry-SAT1

Brothers, et al.

pCJ6

pCJ1-ARG3500p-GFP

This study

pCJ7

pCJ1-ARG3400p-GFP

This study

pCJ8

pCJ1-ARG3300p-GFP

This study

pCJ9

pCJ1-ARG3250p-GFP

This study

pCJ10

pCJ1-ARG3225p-GFP

This study

pCJ11

pCJ1-ARG3200p-GFP

This study

pCJ12

pCJ1-ARG3175p-GFP

This study

pCJ13

pCJ1-ARG3132p-GFP

This study

pCJ14

pCJ1-ARG3100p-GFP

This study

pCJ15

pCJ1-ARG3∆-215to-220p-GFP

This study

pCJ16

pCJ1-ARG3∆-217and-218p-GFP

This study

pCJ17

pCJ1-ARG3∆-200to-205p-GFP

This study

pCJ18

pCJ1-ARG3∆-203and-205p-GFP

This study

pCJ19

pCJ1-ARG3∆-186to-196p-GFP

This study

pCJ20

pCJ1-ARG3∆-187,188,194and-195p-GFP

This study

pSFS1

SAP2p-FLP-SAT1

Reuβ, et al

FJ160457

pFA-TAP-HIS1

Lavoie, et al

FJ160460

pFA-MYC-URA3

Lavoie, et al

FJ160462

pFA-HA-HIS1

Lavoie, et al
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Chapter 3: Candida albicans arginine biosynthetic genes are induced in response to
host-derived reactive oxygen species

NOTE: This Chapter is a result of work published in 2013: “Candida albicans Induces
Arginine Biosynthetic Genes in Response to Host-Derived Reactive Oxygen Species.”
Eukaryotic Cell 12 (1): 91-100 (doi:10.1128/EC.00290-12).
I am the first author for this publication and was responsible for preparing the original
manuscript and conducting the majority of the experiments described in this paper. I have
permission to reproduce any and all of this manuscript, in print or electronically, for the
purpose of my thesis in accordance with the American Society for Microbiology (publisher of
Eukaryotic Cell) “Journals Statements of Authors’ Rights.”
http://journals.asm.org/site/misc/ASM_Author_Statement.xhtml
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INTRODUCTION
C. albicans is a benign colonizer of mucosal surfaces in humans and it can be
successfully isolated from the gastrointestinal and urogenital tracts of healthy individuals
[23-26]. However, changes in the host environment may result in the transition of C.
albicans from a commensal to a pathogenic microorganism; causing a spectrum of diseases
ranging from mild, easy to treat superficial infections such as oropharyngeal thrush, to lifethreatening infections such as disseminated or invasive candidiasis [6]. These type of
disseminated infections have a very high mortality rate of 50% or more even when patients
are being actively treated for the infection [6]. The risk factors that predispose individuals to
C. albicans infections include HIV infections, diabetes mellitus, extremes in age, disruption
of mucosal barriers, invasive interventions, the use of immunosuppressive drugs, and
neutropenia among others [9, 13, 28, 29, 33]. Additionally, as described in Chapter 1, as a
successful pathogen, C. albicans presents a variety of virulence properties such as
filamentous growth, biofilm formation, production of secreted proteases, as well as the ability
to rapidly adapt to the host adverse environmental conditions and cause disease [77, 81, 82,
88, 90, 96-98].
Several studies suggest that innate immunity is the most important protective
mechanism against disseminated candidiasis; low numbers and/or abnormal function of
neutrophils and monocytes are linked to the development of these fungal infections [10, 27].
Indeed, phagocytic cells such as neutrophils and macrophages will recognize, internalize
and kill C. albicans cells as part of a successful immune response. Upon internalization of
the fungal cells by neutrophils and macrophages, a strong respiratory burst results in the
production of antimicrobial reactive oxygen species (ROS) and reactive nitrogen species
(RNS) generated by the phagocyte oxidase NADPH and myeloperoxidase (MPO); and the
inducible nitric oxide synthase (iNOS) NOS2 respectively [61]. The amount of ROS and
RNS produced by neutrophils and macrophages is different in each of the phagocytic cells,
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and they contribute to a different extent in keeping C. albicans from causing disseminated
infections in its mammalian host. For example, MPO and NADPH oxidase deficient mice
showed increased mortality in a model of disseminated candidiasis comparable to that seen
in mice with chronic granulomatous disease; suggesting these two oxidases are critical for
the early host defense against C. albicans infections [150]. On the other hand, in vitro
studies have shown that mouse macrophages deficient in the NADPH oxidase, NOS2, or
both are able to kill C. albicans as efficiently as wild type macrophages; suggesting the
importance of additional agents other than ROS or RNS present in the whole animal model
which contribute to control the fungal pathogen [151]. In addition, using a transparent
zebrafish model of disseminated candidiasis, it has been recently shown that mutations in
the NADPH phagocyte oxidase lead to enhanced filamentation of C. albicans cells upon
phagocytosis by macrophages, and therefore, increased susceptibility to infection [143,
152]. These studies suggest that while the antimicrobial ROS and RNS produced by the
phagocytic cells are important for the defense against C. albicans, they are not a unique
mechanism of antifungal defense. In addition, numerous studies have shown that upon
encounter of C. albicans with these immune cells, the fungal pathogen is able to elicit a
massive response in order to evade and counteract the attack of the innate immune cells.
Transcriptional profiling analysis performed to identified changes in C. albicans gene
expression in response to interactions with murine macrophages showed that upon
internalization of the fungal cells, there is a massive reprogramming of transcription which is
characterized by the upregulation of genes involved in mechanism for the utilization of
alternative carbon sources such as β-oxidation of fatty acids and the glyoxylate cycle [90].
Hierarchical clustering has shown that while most of these transcriptional changes resemble
those produced during carbon starvation, there are significant changes in a second group of
genes that include those involved in responses to oxidative stress and DNA damage repair
[90]. A remarkable discovery was the strong upregulation of almost every single gene of the
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arginine biosynthetic pathway; none of the genes involved in the synthesis of the other
nineteen amino acids was upregulated upon phagocytosis by murine macrophages.
Moreover, the arginine biosynthetic pathway was the only metabolic pathway that did not
partition with the starvation cluster, but rather with the non-starvation stress response cluster
[90]. The particular upregulation of the C. albicans arginine biosynthetic (ARG) genes upon
phagocytosis by murine macrophages as well as additional characterization of other highly
upregulated genes that showed their importance for the pathogenicity of C. albicans [92, 93,
105, 106, 110], suggested that regulation of the ARG genes is important for the ability of C.
albicans to survive to the host environment and cause disease.
My work has shown that the C. albicans ARG genes are induced specifically upon
phagocytosis by murine macrophages and that this upregulation is a result of exposure of
the fungal cells to the macrophage oxidative burst; as C. albicans cells phagocytosed by
macrophages deficient in the NADPH oxidase do not show upregulation of the ARG genes
[135]. In addition, we have identified homologues of the S. cerevisiae arginine regulatory
complex (ArgR) complex (Arg80, Arg81, Arg82, and Mcm1) in C. albicans; and found that
while there are some conserved regulators, C. albicans lacks an ARG80 homologue but has
duplicated ARG81. The ArgR complex is a negative regulator of the ARG genes in S.
cerevisiae; and consistent with this role, we have shown in vivo and in vitro that C. albicans
Arg81 is also a repressor of the ARG genes [135]. The transcription factor Gcn4 is both a
positive and negative regulator of the ARG genes in S. cerevisiae. During amino acid
starvation, Gcn4 induces the expression of not only the ARG genes, but also many of the
genes involved in the synthesis of other amino acids, this is known as the general amino
acid control response [118, 120, 124-126]. On the other hand, Gcn4 recruits the ArgR
negative regulatory complex to the promoter of some of the ARG genes when cells are
grown in arginine replete media [122]. Even though it has been suggested that the general
amino acid control response regulated by the master transcription factor Gcn4 also exists in
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C. albicans [129], we have shown that the regulation of the C. albicans ARG genes is
independent of the general amino acid control response regulation and that Gcn4 serves
mostly as a repressor of the ARG genes in C. albicans [135]. All together these data have
shown that C. albicans upregulates the ARG genes in response to the reactive oxygen
species encountered upon phagocytosis by murine macrophages; possibly to promote its
survival inside the host. In addition, I have shown that while there are some arginine
biosynthesis regulatory elements conserved in C. albicans from the S. cerevisiae paradigm,
it is clear that the regulation has diverged; probably as a result of the very different
environmental challenges that these two organisms encounter.
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RESULTS
A transcript profiling analysis performed to study the interactions between C. albicans
and murine macrophages showed that the ARG genes in C. albicans are the only amino
acid biosynthetic genes up-regulated upon interactions with these immune cells [90].
Interestingly, hierarchical clustering showed that these genes do not group with genes
regulated in response to starvation but rather with those regulated during non-starvation
conditions in response to other stresses [90]. Characterization of the highly upregulated
genes in C. albicans during interactions with murine macrophages performed by our lab and
others has shown that many of these genes are important for the full virulence of C. albicans
upon colonization of the host. Therefore, we hypothesized that the regulation of the ARG
genes in C. albicans is important for the ability of the pathogen to survive to the host
environment and cause disease.
Construction and validation of the ARG1-GFP and ARG3-GFP reporter strains: To
study the regulation of the ARG genes upon phagocytosis by murine macrophages, I
constructed transcriptional reporters using the predicted promoter regions (1000bp from the
translational start site) of ARG1 and ARG3 to control the expression of GFP (Figure 3-1B).
These two genes were chosen because they showed the highest fold induction upon
phagocytosis by murine macrophages according to the transcript analysis performed by
Lorenz and colleagues [90] (Figure 3-1A). Initially, these single cell reporters were tested in
vitro using complete (YPD) versus amino acid deficient medium (YNB). As expected, the
ARG3-GFP cells showed strong fluorescence when grown in medium lacking amino acids,
while the ones grown in complete medium were not fluorescent at all (Figure 3-2A). Two
control strains were used for the GFP reporter experiments; ACT1-GFP cells as positive
control, in which GFP expression is under the control of the constitutively induced ACT1
promoter; and a GFP reporter construct without added DNA (“promoterless GFP”) as
negative control. Additionally, the reporter strains were engineered to constitutively express
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the fluorescent protein yCherry under the control of the constitutively induced ADH1
promoter [143] (Figure 3-1B). yCherry fluorescence was used for the normalization and
quantitation of the GFP signal; briefly the background-subtracted fluorescence intensity was
calculated for both reporters and converted into a green to red ratio as described by
Brothers and colleagues [143]. Figure 3-2B shows the quantitation of this in vitro
experiment; it can be clearly appreciated that the ARG1 and ARG3 promoters are highly
induced during growth in the amino acid deficient medium, as shown by the much higher
ratios than those from cells grown in complete medium. Additionally, the fluorescence ratios
were used to calculate fold induction as shown in Figure 3-2C.
Initially, the ARG1-GFP reporter was not fluorescent in any condition due to an
apparent annotation error for this gene. The originally predicted AUG codon adds 77 amino
acids to the amino terminus of the protein that are not homologous to the ARG1 amino
termini in homologues of closely related species as depicted in Figure 3-3C. A new ARG1GFP reporter was constructed using a second in-frame AUG codon situated 231 base pairs
downstream the original AUG. This new reporter was fluorescent when cells were grown in
amino acid deficient medium but not when grown in complete medium which correlated with
the phenotype observed for the ARG3-GFP reporter cells (Figures 3-2A and 3-3A).
Additional analysis using 5’ RACE showed that the primary transcriptional start site for
ARG1 is 187 base pairs 3’ to the annotated start codon and 44 base pairs 5’ to the second
AUG codon as depicted in Figure 3-3B; suggesting that translation of ARG1 begins at the
downstream start codon.
To determine whether the ARG1 and ARG3 promoters respond specifically to arginine,
the reporter strains were grown in YNB media supplemented with increasing concentrations
of L-arginine (0-200 µg/ml), L-lysine (200 µg/ml), or L-leucine (200 µg/ml). As shown in
Figure 3-4A, cells grown in YNB media supplemented with 100 or 200 µg/ml arginine were
not fluorescent; while those grown in YNB supplemented with lysine or leucine showed very
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strong GFP fluorescence. Moreover, different from the ARG reporters, LYS1-GFP cells
grown in YNB media supplemented with 100 or 200 µg/ml of L-lysine still showed very
strong GFP fluorescence (Figure 3-4B). These results suggest that the regulation of the
ARG genes lies outside the general amino acid control response as ARG1 and ARG3
reporters respond specifically to arginine starvation and can be repressed by adding specific
amounts of arginine to the media even when the other 19 amino acids are missing.
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Figure 3-1:: Schematic of the construction of the ARG reporters
(A) Arginine
nine biosynthetic pathway. The genes in red are induced at last 3 fold when C.
albicans were cocultured with murine macrophages. The numbers next to each gene
represent the induction fold. (B) 1000bp of the ARG1, ARG3 and ACT1 promoters were
used to control the expression of GFP. No extra DNA was added to the promoterless GFP
reporter. Each strain was also transformed with the constitutively expressed yCherry
reporter controlled by the ADH1 promoter.
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Figure 3-2: ARG1 and ARG3 promoters are induced in medium lacking amino acids
(A) ACT1-GFP, promoterless GFP, ARG1-GFP, and ARG3-GFP reporter strains were
grown in YPD or YNB media for 4 hours at 30°C. Images shown are overlaid GFP and DIC
pictures. “None” indicates a GFP construct with no promoter. (B) GFP fluorescence intensity
was expressed as the average of the GFP/yCherry intensity ratios. Error bars represent the
standard error. (C) Fold inductions were calculated comparing each fluorescence intensity
average to that shown by the same strain grown in YPD. Error bars represent the standard
error.
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Figure 3-2: ARG1 and ARG3 promoters are induced in medium lacking amino acids
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Figure 3-3: Misannotation of the ARG1 genes
(A) A transcriptional reporter generated based on the originally annotated start codon was
not expressed in amino acid deficient (YNB) media (left image). In contrast, a reporter
constructed based on a second, in-frame, AUG 231 base pairs to the 3’ is strongly
fluorescent in YNB media (right image). Both images are GFP-DIC overlays. (B) 5’ RACE
identified one major and two minor transcriptional start sites at -48, -44, and
-35 relative to the 3’ AUG. (C) A ClustalW alignment of the amino termini of the ARG1
homologs from related species, using the originally annotated protein sequence of C.
albicans, showing a 77 amino acid addition not homologous to the other species.
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Figure 3-3:: Misannotation of the ARG1 genes
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Figure 3-4: ARG1 and ARG3 respond specifically to arginine deprivation
ARG1p-GFP, ARG3p-GFP, and LYS1-GFP cells were grown overnight in YPD and
subcultured in fresh YPD, YNB, or YNB supplemented with the indicated concentrations of
L-arginine (R), L-leucine (L) and L-lysine (K). Cells were grown for 4 hours at 30°C. The
images shown are GFP-DIC overlaid pictures.
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Figure 3-4: ARG1 and ARG3 respond specifically to arginine deprivation
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ARG genes are induced specifically in phagocytosed cells: To determine whether
the induction of the ARG genes was specific to phagocytosed C. albicans cells, the ARG1
and ARG3 GFP reporters were cocultured with RAW264.7 murine macrophages, fixed, and
stained with calcofluor white (CW) to distinguish extracellular from intracellular C. albicans.
Calcofluor white binds to chitin on the cell wall of the fungal cells but it is not able to
penetrate the membrane of the macrophages; therefore, only extracellular C. albicans cells
are stained with this fluorescent dye. The coculture experiments showed that ARG1- and
ARG3-GFP cells were substantially more likely to be fluorescent than extracellular C.
albicans, while the controls showed no difference in fluorescence intensity based on
localization (Figure 3-5A). Figure 3-5B shows a representative image from all three
fluorescence channels. GFP fluorescence intensity quantitation showed that GFP
fluorescence from ARG1- and ARG3-GFP cells was 1.8-2.0 fold higher in phagocytosed
cells than in cells grown in tissue culture media alone (Figure 3-5C). Extracellular C.
albicans showed low GFP fluorescence probably as a result of extracellular ROS generated
by the macrophages as it will be explained later in this chapter. These data showed that the
ARG promoters are induced specifically upon internalization of the fungal cells by murine
macrophages.
To support these data, our ARG3-GFP reporter was tested in vivo using a transparent
zebrafish model of disseminated candidiasis [143] in collaboration with the Wheeler Lab at
the University of Maine. The results showed that while fluorescence of ARG3-GFP cells at 2
hours post infection was similar in intra and extracellular cells, GFP expression was
significantly higher in intracellular cells at 4 and 24 hours post infection; showing that
phagocytosis by macrophages also induced the ARG3 promoter in the zebrafish model.
Regulation of the ARG pathway by Gcn4 and the ArgR complex: As previously
explained, the ARG genes in S. cerevisiae are dually regulated by the Gcn4 and the ArgR
complex. Gcn4 positively regulates not only the ARG genes but also other amino acid
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biosynthetic genes during amino acid starvation as part of the general amino acid control
response [120, 124-126]. It has been suggested that the general amino acid control
response present in C. albicans is also coordinated by a functional homologue of the S.
cerevisiae Gcn4 [129]. Therefore, we proceeded to test whether this mechanism also
regulates the C. albicans ARG genes in vitro or during interactions with murine
macrophages using the ARG3-GFP reporter in a gcn4∆ mutant strain from a collection of
homozygous transcription factor mutant strains generated by Dominique Sanglard and
colleagues [142]. The in vitro fluorescence microscopy experiments showed that ARG3 was
modestly derepressed when cells were grown in complete medium and strongly induced
when grown in amino acid deficient medium (Figure 3-6A); however, quantitation of the GFP
fluorescent intensity showed that GFP expression in the gcn4∆ mutant was only 42% of that
in the wild type strain (Figure 3-6B). Northern blot analysis confirmed this mild in vitro
derepression (Figure 3-6C). This derepression was more apparent in the C. albicansmacrophage cocultures in which strong fluorescence was observed in cells regardless of
location (Figure 3-6A and 6D) masking the induction seen in phagocytosed cells (Figure 36E). These data showed that in C. albicans, Gcn4 is primarily a repressor of the ARG genes;
correlating with an additional function of the S. cerevisiae Gcn4 which is to recruit the
ArgR/Mcm1 negative regulatory complex to the promoter of some of the ARG genes when
cells are grown in arginine replete medium [122].
C. albicans has also close homologues of some of the S. cerevisiae ArgR/Mcm1
components such as Mcm1, Arg81, and Arg82; however, it lacks Arg80 and instead has a
second protein homologous to Arg81 annotated as Arg83. As mutants for ARG81 and
ARG83 were identified in the Sanglard mutant collection [142], we decided to transform
them with our ARG3-GFP reporter to test the effect of these transcription factors in the
regulation of the C. albicans ARG genes, both in vitro and during interactions with murine
macrophages. The ARG3 promoter was strongly derepressed in the arg81∆ mutant and did
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not showed any further induction when cells were grown in the amino acid deficient medium
or upon phagocytosis by macrophages (Figure 3-6A to 6E). On the other hand, the ARG3
promoter was normally repressed in the arg83∆ mutant when cells were grown in complete
medium and induced in amino acid deficient medium as well as upon phagocytosis by
macrophages (Figure 3-6); very similar to the repression and induction seen in the wild type
strain. These data shows that Arg81 is a negative regulator of the ARG genes in C.
albicans.
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Figure 3-5: ARG1 and ARG3 promoters are induced specifically in phagocytosed cells
(A) ACT1p-GFP, promoterless GFP, ARG1-GFP, and ARG3-GFP reporter strains were
cocultured for 1 hour with RAW264.7 macrophages or grown in RPMI medium alone, fixed,
and stained with calcofluor white (CW). Images from left right show CW staining, GFP
fluorescence, and overlaid images of GFP-DIC pictures for cocultures and cells grown in
RPMI media only. (B) Representative images of the ARG3-GFP reporter strain to show
individually CW, GFP, and yCherry, as well as a merged image of the three fluorophores.
(C) GFP fluorescence intensity was quantified as explained before and expressed as the
fold induction relative to strains grown in RPMI medium. Error bars represent the standard
error. *, P< 0.05; **, P<0.001 (Student’s t test).
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Figure 3-5: ARG1 and ARG3 promoters are induced specifically in phagocytosed cells
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Figure 3-6: Gcn4 and the ArgR complex regulate the C. albicans ARG genes
(A) Wild-type (RM1000), gcn4∆, arg81∆, and arg83∆ C. albicans cells transformed with both
the ARG3p-GFP and ADH1p-yCherry reporter were grown in YPD or YNB for 4 h at 30°C,
cocultured for 1 h with murine macrophages, or grown in RPMI medium alone. The two
columns on the left show GFP-DIC overlaid pictures for the in vitro experiment. For the
cocultures, the images show CW fluorescence of extracellular C. albicans cells and GFP
fluorescence individually. Overlays of GFP and DIC images are shown for both cocultures
and cells grown in RPMI medium only. (B) GFP fluorescence intensity was expressed as the
average of the GFP/yCherry intensity ratio taken from 50 cells per in vitro condition. Error
bars represent the standard error. (C) Wild-type (SC5314), gcn4∆ (DSY3233), arg81∆
(HZY28), and arg83∆ (DSY3426-2) C. albicans cells were grown in YPD to an OD600 of 1.0,
washed, and grown in either YPD or YNB for 15 min. RNA was collected from each sample
for Northern blot analysis with probes for the indicated genes. (D) The GFP/yCherry ratio
was calculated from ARG3p-GFP-expressing cells grown in medium alone or in cells either
extracellular or intracellular in macrophage cocultures. (E) Fold induction, relative to medium
alone for each strain, for the data in panel D.
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Figure 3-6: Gcn4 and the ArgR complex regulate the C. albicans ARG genes
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ARG genes are induced by reactive oxygen species: Based on a recent RNA-seq
analysis of C. albicans cells exposed to different host-relevant stress conditions which
showed that the ARG genes are induced when the fungal cells are exposed to moderate
concentrations of hydrogen peroxide [95], we hypothesized that the ARG genes are being
induced upon phagocytosis by macrophages due to exposure to the ROS produced by the
immune cells as part of the oxidative burst. Initially, Northern blot analysis was used to
confirm that the ARG genes respond to hydrogen peroxide and to determine whether they
respond to other stress condition such as exposure to reactive nitrogen species, high salt
concentrations, high pH, and high temperature. The results showed that the ARG1 message
was primarily expressed in those cells that were exposed to hydrogen peroxide (Figure 37A). To further analyze the induction of the ARG genes in vitro, cells were exposed to
different concentrations of hydrogen peroxide as well as other ROS such as tert-butyl
hydroperoxide (t-BOOH) and menadione; induction of the ARG1 gene was similarly
assessed by Northern blotting. Consistent with the RNA-seq results, the ARG1 message is
expressed under arginine replete conditions containing moderate concentrations (0.3 to 1.0
mM) of hydrogen peroxide, but expression is not detected at higher concentrations (Figure
3-7B). Additionally, ARG1 is also expressed when cells are grown under moderate
concentrations of t-BOOH and menadione (Figure 3-7C). In each case expression of the
ROS induced catalase gene (CAT1) was used as a control and it can be seen, especially in
the hydrogen peroxide and t-BOOH samples, how CAT1 expression increase with ROS
concentration; showing that the absence of an ARG1 signal is not a result of cell death from
toxic ROS levels. Further analysis was done by exposing the ARG3-GFP reporter cells to
the hydrogen peroxide concentration used for the Northern analysis. GFP fluorescence was
only seen in those cells exposed to moderate concentrations of hydrogen peroxide
confirming the results obtained from the Northern blot analysis (Figure 3-7D).
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Figure 3-7: ARG1 and ARG3 are induced by reactive oxygen species
(A) Wild-type (SC5314) C. albicans cells were grown in YPD to an OD600 of 1.0 and
transferred to YNB or YPD supplemented with the indicated compound, or grown under the
indicated stressor for 15 min. RNA was collected from each sample, and Northern blots
were probed for ARG1 and ACT1. (B) Wild-type (SC5314) C. albicans cells were grown in
YPD to an OD600 of 1.0 and transferred to YNB or YPD supplemented with the indicated
concentration of H2O2 for 15 min. RNA was collected from each sample, and Northern blots
were probed for ARG1, CAT1, and ACT1. RNA from an arg1∆ strain grown in YNB was
used as a control for the ARG1 probe specificity. (C) Wild-type C. albicans (SC5314) cells
were grown in YPD to an OD600 of 1.0 and transferred to YNB or to YPD supplemented with
the indicated concentration of tert-butyl hydroperoxide or menadione for 15 min, and
Northern analysis was performed as for panel A. (D) ARG3p-GFP cells were grown in RPMI
medium supplemented with different concentrations of H2O2 for 1 hour. The images shown
are GFP-DIC overlays. The numbers on each image represent the concentration of H2O2 in
mM for each sample. C/M, 1 hour coculture with macrophages as a comparison.
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Figure 3-7: ARG1 and ARG3 are induced by reactive oxygen species
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ARG induction in macrophages is ROS dependent: After confirming that the ARG
genes are induced in vitro in response to reactive oxygen species, we decided to test
whether the induction of these genes is due to ROS produced by the murine macrophages
using primary bone marrow-derived macrophages (BMDMs). First, ARG1-GFP and ARG3GFP cells were cocultured with BMDMs isolated from wild type mice for 1 hour, fixed, and
stained with CW as previously explained. Phagocytosed cells showed increased GFP
fluorescence compared to cells grown in tissue culture medium only (Figure 3-8A); however,
the difference in fluorescence intensity was less significant between intra and extracellular
C. albicans when compared to cocultures with RAW264.7 macrophages; possibly as a result
of a stronger ROS burst from primary BMDMs affecting extracellular C. albicans to a greater
degree. Next, C. albicans reporter strains were cocultures with BMDMs isolated from mice
lacking the gp91phox subunit of the phagocyte oxidase, and therefore unable to produce
reactive oxygen species [153]. In this case, the ARG1 and ARG3 promoters appeared to be
minimally induced; however, weak background fluorescence in some of the mutant
macrophages was also observed which might be responsible for the apparent weak
induction seen from the reporter strains (Figures 3-8 and 3-9). Together, these results
showed that upon phagocytosis by murine macrophages, the ARG genes are induced
primarily in response to the ROS generated by the immune cells.
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Figure 3-8: Induction of the ARG genes is dependent on ROS
ACT1p-GFP, promoterless GFP, ARG1p-GFP, and ARG3p-GFP reporter strains were
cocultured with BMDMs from (A) wild-type mice or (B) gp91phox−/− mice for 1 hour. As a
control, cells were also grown in RPMI medium alone. Images show CW, GFP, and GFPDIC overlay images for both the cocultures and medium alone.
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Figure 3-8: Induction of the ARG genes is dependent on ROS
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Figure 3-9: Quantification of ARG gene induction after phagocytosis by wild type and
gp91phox-/- BMDMs
GFP fluorescence intensity was calculated as the average of the GFP/yCherry intensity ratio
taken from 50 cells per condition. GFP fold induction was calculated based on the average
GFP/yCherry ratio (n = 50 cells) for both intracellular and extracellular cells, relative to
medium controls, in (A) WT BMDMs and (B) gp91phox−/− BMDMs. Error bars represent the
standard error. *, P < 0.01 (by Student's t test).
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Figure 3-9: Quantification of ARG gene induction after phagocytosis by wild type and
gp91phox-/- BMDMs
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DISCUSSION
A transcript profiling analysis to study the regulation of the C. albicans genes during
interactions with murine macrophages showed that about 10% of the fungal genome is
differentially regulated upon phagocytosis by macrophages. Many of the highly upregulated
genes are those involved in the mechanisms for the utilization of alternative carbon sources
suggesting that upon phagocytosis, C. albicans is exposed to a carbon poor environment
[90]. Additional characterization of the highly upregulated genes has shown that many of
them are critical for C. albicans virulence and for survival in the host environment [92, 93,
105, 106, 110]. Moreover, this massive transcriptional reprogramming event is almost
absent in the non-pathogenic yeast S. cerevisiae [98] supporting the idea that this
transcriptional response is key for the survival of C. albicans in the host and to establish
infection.
Among the group of genes upregulated in C. albicans upon phagocytosis by murine
macrophages, a remarkable discovery is the upregulation of the majority of the arginine
biosynthetic genes; the only amino acid biosynthetic pathway upregulated in this condition
[90]. Surprisingly, according to hierarchical clustering of the microarray data, these genes do
not pair with the starvation group of genes but rather with the non-starvation genes that
respond to stress such as oxidative stress and DNA damage [90]. At the time my project
was started very little was known about the regulation of the ARG genes in C. albicans as
well as the purpose for this strong regulation upon phagocytosis by murine macrophages
and whether this regulation contributed to the virulence of C. albicans.
My work has demonstrated that the ARG genes are induced specifically in C. albicans
cells phagocytosed by either primary or cultured murine macrophages as a result of
exposure of the fungal cells to moderate concentrations of phagocyte-derived ROS. In
addition, it has been shown that this induction is dependent on the NADPH phagocyte
oxidase, as mutants lacking the gp91phox subunit of this oxidase are not able to activate the
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ARG1 and ARG3 promoters in GFP reporter strains. In addition, I have shown that in vitro,
the ARG genes are also induced when cells are exposed to a narrow range of low
concentrations of ROS such as hydrogen peroxide and tert-butyl hydroperoxide; these data
correlate with an RNA-seq analysis in which many of the ARG genes were upregulated in
response to mild concentrations of hydrogen peroxide [95]. As expected, in vitro, the ARG
genes are also strongly upregulated when cells are grown in arginine deficient medium;
however, arginine starvation is probably not the reason for upregulation of the ARG genes
upon phagocytosis because it is unlikely that arginine is the only amino acid missing in the
phagosome. It was initially thought that arginine deficiency could result from its consumption
by the macrophage iNOS (NOS2) to generate nitric oxide as part of the oxidative burst;
however, the data from the phagocyte oxidase mutant macrophages rule out this hypothesis
as these macrophages still have a functional iNOS, but still the ARG1 and ARG3 promoters
are not significantly induced [135].
Mutations of ARG1 and ARG3 results in the formation of shorter germ tubes and a
delay in filamentation when cells are phagocytosed by murine macrophages [135]; however,
these mutations do not alter C. albicans sensitivity to ROS in vitro and do not affect systemic
virulence [135]. It has also been shown that moderate concentrations of ROS stimulate
hyphal growth [154, 155]. Therefore, it is possible that moderate concentrations of ROS are
being used as a signal to promote hyphal development, a very important C. albicans
virulence factor. A role for arginine in hyphal induction has been proposed, C. albicans
strains that are not able to completely synthesize or degrade arginine showed reduced
filamentation upon phagocytosis by murine macrophages [92]. In addition, the degradation
of arginine by Car1 generates ornithine and urea, which is subsequently degraded by
Dur1,2 generating ammonia and carbon dioxide, two potent signals for hyphal
morphogenesis [86, 156]; suggesting that arginine metabolism within the macrophages
contributes to hyphal induction.
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In S. cerevisiae, the ARG genes are regulated by two mechanisms; Gcn4 induces the
expression of the ARG genes and other amino acid biosynthetic genes when cells are
grown in amino acid deficient media as part of the general amino acid control response
[120, 124-126]. While a functional homologue of S. cerevisiae Gcn4 has been identified in
C. albicans, which is also considered the regulator of the general amino acid control
response in the fungal pathogen [129], my work has shown that the regulation of the ARG
genes in C. albicans is partially outside the general amino acid control response coordinated
by the activator Gcn4. In C. albicans, the presence of arginine alone represses the
transcription of the ARG genes even in the absence of other amino acids.
The second mechanism that regulates the ARG genes in S. cerevisiae is the
ArgR/Mcm1 (Mcm1, Arg80, Arg81, Arg82) complex. This negative regulatory complex is
recruited by Gcn4 to the promoter of the ARG genes when cells are grown in arginine
replete media to repress their expression [122]. C. albicans has homologues for Mcm1, and
Arg82, but it is lacking one for Arg80 and has an additional homologue for Arg81, Arg83. My
work has shown that mutation of ARG81 derepresses expression of the ARG genes in the
presence of arginine and upon phagocytosis by macrophages; correlating with the negative
regulatory role of Arg81 in S. cerevisiae. Additionally, the gcn4∆ mutant shows the same
phenotype as the arg81∆ mutant, correlating with the role of the S. cerevisiae Gcn4 as the
recruiter of the ArgR/Mcm1 negative regulatory complex to the promoter of some of the ARG
genes. Therefore, in C. albicans, Gcn4 is a negative regulator of the ARG genes. Other
studies have shown that the arg81∆ mutant was among the most defective mutants tested
in a model of biofilm attachment [133], suggesting that the upregulation of the ARG genes
upon phagocytosis by macrophages could be a by-product of an expanded role for Arg81. A
biofilm state is not beneficial for C. albicans to escape from the macrophages; therefore, it is
possible that the downregulation of ARG81 under this condition would derepress the ARG
genes.
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Chapter 4: Identification of regulatory elements in the promoters of the C. albicans
ARG genes
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INTRODUCTION
As explained in Chapter 3, I have shown that the ARG genes are induced upon
phagocytosis by murine macrophages, specifically due to exposure of the fungal cells to
reactive oxygen species generated by the macrophages [135]. In addition, I have shown that
the transcription factors Arg81 and Gcn4 are negative regulators of the ARG genes not only
upon growth of C. albicans in complete media, but also upon phagocytosis by murine
macrophages [135]. How the ROS produced by the macrophages induce the arginine
biosynthetic genes and whether this regulation is achieved by the transcription factors Gcn4
and Arg81 is still unknown. This chapter is focused on the regulation of the ARG genes by
previously identified transcription factors such as Gcn4, Arg81, Arg83, and Mcm1, as well as
the identification of regulatory elements in the promoter of the ARG genes that might serve
as binding sites for the mentioned transcription factors at specific conditions.
In S. cerevisiae, the ARG genes are regulated by two mechanisms; a positive
regulation by the Gcn4 transcription factor and a negative regulation by the ArgR/Mcm1
complex [117-123]. The ARG genes in S. cerevisiae are positively regulated by Gcn4 during
amino acid starvation as part of the general amino acid control response mechanism
described in more depth in Chapter 5. Paradoxically, Gcn4 also mediates the negative
regulation of the ARG genes by recruiting the ArgR/Mcm1 complex to the arginine control
(ARC) elements in the promoter region of ARG1, ARG3, ARG5,6, and ARG8 genes in
response to exogenous arginine [116, 122]. As described in Chapter 1, the ArgR/Mcm1
complex has four subunits: Mcm1, Arg80, Arg81, and Arg82. The essential protein Mcm1
and Arg80 are both MADS box proteins (MCM1, AGAMOUS, DEFICIENS, and serum
response factor) and bind as a heterodimer to the ARC element [122]. Arg81 is a zinc
cluster transcription factor and it is considered the sensor for arginine as mutations in the Nterminal region of this protein result in a decreased affinity of the regulatory complex for
arginine [128]. Finally, Arg82 is a phosphate kinase required to stabilize the Arg80 and
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Mcm1 proteins in the nucleus [116]. Messenguy and colleagues have proposed a
mechanism for the regulation of the ARG genes by the ArgR/Mcm1 complex in S.
cerevisiae; Arg82 stabilizes Mcm1 and Arg80 in the nucleus and promotes their interaction
with Arg81, and when arginine is present, the complex is able to interact with the DNA [116].
To this proposed mechanism, Yoon and colleagues have added that Gcn4 recruits the
Mcm1-Arg80 complex to the promoter of the ARG genes in a constitutive manner; however,
only when arginine is in excess, Gcn4 recruits a complete ArgR/Mcm1 complex [122].
C. albicans has homologues for the S. cerevisiae ARG82 (annotated as IPK2), MCM1,
and GCN4 genes; however, it is missing ARG80 and has an additional homologue for
ARG81 annotated as ARG83. I have shown that Arg81 and Gcn4 are negative regulators of
the ARG genes and no evident phenotype regarding the regulation of these genes has been
associated with ARG83 [135]. Prior to this work, there was no evidence of the existence of
regulatory elements in the promoters of the C. albicans ARG genes that might interact with
Arg81, Gcn4, and/or Arg83 to regulate their expression. There was only one study that
suggested the presence of binding sites for Mcm1 in the promoter of some of the ARG
genes; however, they were not completely identified [131].
My work has shown that the promoters of the ARG genes present cis acting elements
that are important for their regulation in response to amino acid starvation, phagocytosis by
murine macrophages, as well as exposure to reactive oxygen species. Moreover,
computational analysis combined with site-directed mutagenesis has shown that these
regulatory elements are putative binding sites for Mcm1, Arg81, and Gcn4 transcription
factors. How these transcription factors interact with each other or with the identified cisacting elements to regulate the expression of the ARG genes has not been determined yet;
however, I have created a toolbox of tagged protein strains that will help elucidate not only
whether these interactions occur but also whether they are the same under different stress
conditions, such as amino acid starvation and exposure to reactive oxygen species.
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RESULTS
To identify regulatory elements in the promoter region of the ARG genes that may
interact with the previously identfied transcription factors in response to arginine and/or
phagocytosis by murine macrophages, I performed a promoter dissection analysis of the
ARG3 promoter and combined it with computational analysis and site-directed mutagenesis.
Furthermore, I have created a toolbox of tagged transcription factors to study their
interactions with the cis acting elements identified as well as interactions among them in
response to arginine starvation and/or oxidative stress.
Identification of two regulatory regions within the promoter of ARG3: A promoter
dissection analysis was performed using GFP reporter strains and fluorescence microscopy
to identify regulatory elements in the promoter of the ARG3 gene. GFP reporters were
constructed using systematic 100bp deletions of the ARG3 promoter to control GFP
expression. Initially, five promoter truncation constructs were tested in vitro (YPD vs. YNB)
as well as using C. albicans-macrophage cocultures. The fluorescence patterns showed by
these reporters were compared to that of the ARG3 reporter in which GFP expression was
controlled by the “full length” promoter (1000bp). GFP fluorescence showed by the 500, 400,
and 300bp GFP reporters was similar to the fluorescence showed by the full length reporter
(Figure 4-1); the cells showed fluorescence when grown in YNB medium but not when
grown in YPD medium. On the other hand, reporters in which the GFP fluorescence was
controlled by 200bp of the ARG3 promoter showed constitutive fluorescence when grown in
YNB medium as well as YPD medium (Figure 4-1). Moreover, GFP fluorescence was absent
in the 100bp reporter cells were grown in YPD or YNB media (Figure 4-1). The fluorescence
pattern showed by the ARG3 promoter truncation reporters was the same when C. albicans
cells were cocultured with murine macrophages (Figure 4-2).
All together, the results obtained from this promoter dissection analysis showed that
there are two regulatory regions in the promoter of ARG3: one between -200 and -300bp
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from the translational start codon which harbors putative binding sites for a negative
regulator, because deletion of this promoter fragment results in a constitutive GFP
expression. The other regulatory region corresponds to the fragment between -100 and 200bp from the translational start codon in ARG3 which harbors putative binding sites for a
positive regulator, because deletion of this piece of the promoter results in the absence of
GFP fluoresce when cells are grown both in YPD and YNB media. A RACE analysis of the
promoters of ARG1 and ARG3 was performed to identify the transcriptional start sites;
therefore, we are confident that the promoter truncations did not compromise this region.
The same conclusions arose from the coculture experiments; there is a negative regulatory
region between -200 and -300bp as deletion of this fragment results in a constitutive GFP
expression in cells grown in tissue culture only, as well as intracellular and extracellular
fungal cells when cocultured with murine macrophages; and a positive regulatory region
between -100 and -200bp because deletion of this fragment results in the absence of GFP
fluorescence when cells are grown in tissue culture media only or cocultured with murine
macrophages.
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Figure 4-1: In vitro ARG3 p
promoter
romoter dissection analysis using fluorescence
microscopy
GFP reporter strains were grown in YPD or YNB media for 4 hours at 30°C. Samples were
analyzed using fluorescence microscopy. The pictures shown are GFP-DIC
DIC overlaid images.
The numbers on the left indicate the number of base pairs used from the ARG3 promoter to
drive the expression of GFP counting from the translational start site.
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Figure 4-2: In vivo promoter dissection analysis using fluorescence microscopy
GFP reporter strains were cocultured with murine macrophages or grown in RPMI medium
alone for 1 hour at 37°C, 5% CO2. The pictures shown are GFP-DIC overlaid images. The
numbers on the left indicate the number of base pairs used from the ARG3 promoter to drive
the expression of GFP counting from the translational start site.
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Additional reporter strains were constructed using fragments of the ARG3 gene; this
time systematic 25bp deletion fragments to drive the expression of GFP. The purpose of this
additional promoter dissection analysis was to narrow down the position of the putative
regulatory elements for the expression of the ARG3 gene. Four additional GFP reporter
strains were created using 250, 225, 175 and 132bp promoter fragments (always counting
from the translational start codon) and tested in vitro and in the C. albicans-macrophages
cocultures as explained before. The results showed that the negative regulatory region is
between -200 and -225bp as suggested by the constitutive GFP expression observed from
the reporter lacking that region (Figure 4-3A). The positive regulatory region was narrowed
down to the promoter fragment between -175 and -200bp as suggested by the absence of
GFP fluorescence when this fragment was deleted (Figure 4-3A). Similar results were
obtained from the coculture experiments (Figure 4-3B). These results are summarized in
Figure 4-4.
As explained in Chapter 3, I have shown that the ARG genes are induced upon
phagocytosis by murine macrophages due to exposure of the fungal cells to the ROS
produced by the macrophages [135]. Therefore, we wanted to determine whether the
previously identified regulatory elements in the promoter of ARG3 are also important for its
regulation when cells are exposed to ROS. For this purpose, ARG3 promoter truncation
GFP reporter strains were exposed to 1.0 mM hydrogen peroxide for an hour and then
analyzed using fluorescence microscopy. The results showed that the previously indentified
regulatory promoter regions also play a role during exposure to ROS; the GFP fluorescence
pattern suggested that the promoter region between -200 and -225bp harbors binding sites
for a negative regulator while the region between -175 and -200bp does so for a positive
regulator (Figure 4-5). In conclusion, the regulatory regions in the promoter of the ARG3
gene which control its expression in response to arginine, phagocytosis by murine
macrophages and exposure to hydrogen peroxide overlap.
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Figure 4-3: Regulatory regions are specifically localized between -175 and -225 of the
ARG3 promoter
GFP reporter strains were grown in A. YPD or YNB media for 4 hours at 30°C or B.
cocultured with murine macrophages or grown in RPMI medium alone for 1 hour at 37°C,
5% CO2. The pictures shown are GFP-DIC overlaid images. The numbers on the top and
left indicate the number of base pairs used from the ARG3 promoter to drive the expression
of GFP.
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Figure 4-3:
3: Regulatory regions are specifically localized between -175
175 and -225 of the
ARG3 promoter
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Figure 4-4:
4: Schematic of the ARG3 promoter dissection analysis results
Summary of the in vitro and C. albicans macrophage coculture experiments performed with
the GFP reporters. (+) indicates fluorescence observed when the reporter was grown in the
indicated condition. (-)) indicates no fluorescence.
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Figure 4-5:
5: Promoter dissection analysis during exposure to H2O2
GFP reporters were grown in YPD and then exposed to 1.0 mM H2O2 for one hour at 30°C.
The pictures shown are GFP
GFP-DIC overlaid images. The numbers on the left indicate the
number of base pairs used from the ARG3 promoter to drive the expression of GFP.
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In-silico analysis revealed putative binding sites for Mcm1, Gcn4, and ARG81 in
the promoters of the ARG genes: To identify putative binding sites for the transcription
factors Mcm1, Gcn4, and Arg81 in the promoter of the ARG genes, I used the Yeastract
Database (http://yeastract.com/index.php) to first identify consensus sequences to where
these transcription factors bind in S. cerevisiae; then, using the PatMatch program from the
Candida Genome Database (http://candidagenome.org/cgi-bin/PATMATCH/nph-patmatch),
similar sequences were identified in the promoters of the C. albicans ARG genes. Using this
method, some putative binding sites were identified in the promoter of the ARG genes;
however, the most interesting ones were three putative binding sites identified in the ARG3
promoter region that correlate with the position of the regulatory regions identified in the
promoter dissection analysis (Figure 4-6). According to the PatMatch analysis, one of these
sites could be bound by Mcm1, Arg81 or Gcn4; the second one by Gcn4, and the third one
by Mcm1.
Site-directed mutagenesis of the cis-acting elements in the ARG3 promoter:
Based on the results obtained from the promoter dissection analysis and the computational
analysis, we decided to independently mutate each of the three binding sites of interest
mentioned in the previous section using site-directed mutagenesis. For each of the
regulatory elements I created precise deletions of the predicted binding sequences or point
mutations within those sequences (Figure 4-7). The mutated promoter regions were used to
create GFP reporters using the pCJ1 vector. The transformed C. albicans strains were
tested in vitro and in the cocultures to determine the function of these regulatory regions by
means of fluorescence microscopy. The in vitro experiments showed that when two of these
sequences were completely removed a strong derepression was observed as GFP
expression was very high in both YPD and YNB media compared to the wild type strain
(Figure 4-8). Similarly when point mutations were created within the predicted binding
sequences, derepression was also observed but not as strong as the one seen when the
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sequence was completely deleted from the ARG3 promoter. These results showed that
these two sequences are binding sites for negative regulators of the ARG genes. In addition,
the in vitro results also suggested that the third regulatory site is a putative binding site for a
positive regulator, because deletion of this sequence resulted in a decreased GFP
expression when cells where grown in YNB medium compared to the wild type strain (Figure
4-8). The creation of point mutations in this predicted binding sequence also caused a
decrease in GFP fluorescence but not as strong as the one seen from the complete
sequence deletion.
The coculture results correlated with the in vitro results in regards to the two negative
regulatory elements; these mutants showed a strong derepression when cells were coculture with macrophages (intra or extracellular) or grown in tissue culture media only.
However, mutation of the third sequence resulted in a subtle derepression showed in all
conditions, when compared to the wild type strain. These subtle differences are better
appreciated in the quantitation graphs (Figure 4-9). GFP fluorescence from each experiment
was quantitated as indicated in the Materials and Methods section (Chapter 2). These
results have demonstrated that the cis regulatory elements important for regulation of the
ARG genes in response to arginine and phagocytosis by murine macrophages, and possibly
to exposure to reactive oxygen species, are the same.
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criptional biding sites identified in the ARG3 promoter
Figure 4-6: Transcriptional
Consensus binding
inding sequences for Arg81, Mcm1, and Gcn4 were indentified in S. cerevisiae
using the Yeastract Database. Using PatMatch, similar sequences (although degenerate)
were identified in the promoter of C. albicans ARG genes. The sequence above is part of
the ARG3 promoter; the green letters represent the translational start site and the red letters
represent the putative binding ssequences
equences identified in the promoter. Black arrows show
putative binding of the indicated transcription factors. Green arrows show the number of
base pairs from the translational start site to that point.
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7: Schematic of the site
site-directed mutations performed in the ARG3 promoter
Figure 4-7:
Each putative transcription factor binding sequence was deleted (red letters) or mutated by
base pair substitution (green letters). The mutated promoter
promoters were used to construct GFP
reporter strains.. Each row represents the same fragment of the ARG3 promoter. Names on
the left were given to each mutant for easier reference.
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Figure 4-8: In vitro analysis of the site
site-directed mutants
GFP site-directed
directed mutant reporters were grown in YPD or YNB media for 4 hours at 30°C.
Samples were analyzed using fluorescence microscopy. The pictures shown are GFP-DIC
GFP
overlaid images.
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Figure 4-9:
9: Fluorescence quantitation for the SDM reporters
GFP fluorescence intensity was quantified as previously explained,, and expressed as A.
fold induction relative to wild type cells grown in YPD and B. fluorescence intensity relative
to wild type cells grown in RPMI.
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A toolbox for the study of the interaction of the ARG genes cis- and transregulatory elements: The transcription factors Gcn4 and Arg81 negatively regulate the
expression of the ARG genes in response to arginine, phagocytosis and exposure to ROS
[135], and my promoter dissection and computational analyses have shown that there are
putative binding sites for these transcription factors in the promoters of some of the ARG
genes. While the role of Mcm1 in the regulation of the C. albicans ARG genes has not been
defined yet, a microarray analysis [131] as well as my computational analysis have shown
that there are also binding sites for this transcription factor in the promoter of some of the
ARG genes. Now that we have identified cis and trans acting elements that regulate the
expression of the ARG genes in response to arginine, phagocytosis and exposure to ROS,
and that we have shown evidence that regulation has diverged from the S. cerevisiae
paradigm, the next step is to delineate a mechanism for the regulation of the ARG genes in
C. albicans; and be able to determine whether the transcription factors regulate expression
of the ARG genes directly or indirectly and in what conditions these interactions happen. For
this purpose I have created a toolbox of tagged single or double transcription factor strains
using the vectors created by Lavoie and colleagues [131]. Using these strains we will be
able to determine interactions between the transcription factors and the identified regulatory
sequences and also whether these transcription factors interact with one another. Another
important question that could be answered using this toolbox is whether these interactions
are the same in all the conditions mentioned above. The list of these tagged protein strains
can be found in Table 4-1. Western blot analysis has been performed using some of these
strains to confirm the presence of the desired tag (Figure 4-10).
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Single tag constructs

Double tag constructs

ARG81-TAP/arg81

ARG81-TAP

MCM1-myc

ARG83-TAP/arg83

ARG83-TAP

MCM1-myc

GCN4-myc/gcn4

GCN4-TAP

MCM1-myc

ARG81-TAP

ARG83-myc

ARG83-TAP

GCN4-myc

ARG81-TAP

GCN4-myc

Table 4-1: A toolbox of tagged transcription factors
Transcription factors were tagged using the appropriate Lavoie vectors [131]. The constructs
in red have been successfully tagged and checked by sequencing.
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10: Western blot analysis to check presence of the appropriate tag
Figure 4-10:
A. Rabbit anti-TAP
TAP antibody in a 1:1000 dilution was used to detect presence of the TAP tag
in the indicated strains. B. Mouse anti
anti-myc
myc antibody in the same dilution was used to detect
the myc-tag.
tag. In both cases, secondary antibod
antibodies conjugated to horseradish peroxidase
were used.
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DISCUSSION
Before these studies, the regulation of the ARG genes in C. albicans was completely
unknown. By comparison to the S. cerevisiae paradigm and based on the existence of
homologues of the regulators C. albicans, it was assumed that the regulation of the ARG
genes was controlled by the positive regulator Gcn4 as part of the general amino acid
control response [129], and the negative regulatory complex ArgR/Mcm1 (Mcm1, Arg80,
Arg81, and Arg82 in S. cerevisiae) recruited by Gcn4 in response to arginine. However, as
discussed in Chapter 3, my work has shown that in C. albicans, Gcn4 and Arg81 have a
negative regulatory role both in vitro and during cocultures with murine macrophages [135].
In addition, C. albicans encodes a S. cerevisiae MCM1 homologue, which has been
suggested to have binding sites in the promoters of some of the ARG genes, but is missing
an ARG80 homologue and has two for ARG81, ARG81 and ARG83. Based on these data, it
is clear that even when some of the S. cerevisiae regulatory elements are conserved in C.
albicans, the regulatory mechanisms for the regulation of the ARG genes have diverged in
the pathogenic fungus; probably as a reflection of the totally different environment that C.
albicans is exposed to upon colonization of the host.
Using a promoter dissection analysis of the ARG3 gene I was able to identify two
important regulatory regions in the promoters of these genes; one for negative regulation
and another for positive regulation (Figure 4-4). Further characterization showed that these
regulatory regions are the same for regulation of ARG3 in response to arginine,
phagocytosis by murine macrophages, and exposure to reactive oxygen species. Moreover,
using computational analysis I was able to identify three sequences within the regulatory
regions identified by the promoter dissection analysis, which represent putative binding sites
for the transcription factors Mcm1, ARG81 and Gcn4 (Figure 4-6). Using fluorescence
microscopy I showed that two of these sequences are binding sites for negative regulators;
while the third one seems to be a binding site for a positive regulator during arginine
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starvation but a binding site for a negative regulator during phagocytosis by murine
macrophages (Figure 4-9).
In S. cerevisiae, it has been shown that the ARG1 promoter contains cis acting
elements that are differently used to control expression of the ARG1 gene depending on the
amino acids detected in the media as well as the presence of a functional Gcn4 [119].
Briefly, when S. cerevisiae cells are grown in arginine rich media, Mcm1 forms a complex
with the ArgR regulators to repress the expression of the ARG genes which requires two
arginine control (ARC) cis acting elements for the binding of Mcm1. But when cells are
starved for arginine and in the absence of Gcn4 (in a gcn4 mutant strain), Mcm1 binds to a
Gcn4 binding site in the promoter of ARG1, inducing ARG1 expression [119]. This
represents an example of how the cis acting elements in the promoter of ARG3 could be
differentially used by Gcn4, Mcm1, or Arg81 in response to arginine, phagocytosis, or
oxidative stress.
So far we have identified a group of transcription factors and regulatory cis acting
elements that are crucial for the regulation of the C. albicans ARG genes. Moreover, we
know that the functions of these regulatory elements overlap in the conditions mentioned
above. However, the actual mechanism of regulation is still unknown. Therefore, in order to
elucidate the interactions between the cis and trans regulatory elements and to determine
whether the interactions between these regulators are the same in each condition, I have
created a toolbox of tagged transcription factors. The single protein tag strains will be used
to perform chromatin immunoprecipitation assays (ChIP) to determine whether Mcm1,
Arg81, and Gcn4 bind to any of the three cis acting elements identified with the promoter
dissection and computational analyses. In addition, these constructs will be used to identify
genome-wide binding sites for Arg81 and Gcn4 using ChIP followed by massive parallel
sequencing (ChIP-seq). It is known that Mcm1 is a global regulator that cooperates with
diverse sequence specific transcription factors to regulate the expression of a wide variety of
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genes such as those involved in cell-cycle transitions and DNA replication [131]; however,
not much is known about functions of Arg81 and Gcn4 besides those involving amino acid
biosynthetic processes. Recent studies have shown that in C. albicans, Arg81 has an
important role during the first step of biofilm formation which is adherence of the fungal cells
to the substrate; as arg81∆ mutants are among the most defective mutants tested in a
model of biofilm adherence [133]. In addition, studies performed in S. cerevisiae, have
shown that Gcn4 is specifically upregulated in response to H2O2 and that genes that are
regulated by Gcn4 in response to H2O2 are required for resistance of S. cerevisiae to
hydroperoxides [157]. Therefore, a study of the C. albicans Arg81 and Gcn4 regulons could
be of great importance not only for understanding the regulation of the ARG genes, but also
for getting more insight into the C. albicans host-pathogen interactions.
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Chapter 5: Genetic screen to identify positive regulators of the ARG genes
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INTRODUCTION
In C. albicans, the entire arginine biosynthetic pathway is up-regulated when cells are
phagocytosed by murine macrophages [90] and this up-regulation is triggered by exposure
of the fungal cells to reactive oxygen species produced by the immune cells [135]. The link
between arginine biosynthesis and reactive oxygen species is still a mystery and very little is
known about the mechanisms that regulate the ARG genes in C. albicans. While Gcn4 and
Arg81 are negative regulators of the ARG genes in C. albicans [135], a positive regulator
has not been identified, and it is still unclear why and how these genes are induced in
response to ROS.
In the non-pathogenic yeast S. cerevisiae, this regulation is achieved by two
mechanisms; the recruitment of the ArgR/Mcm1p complex to the promoter of the ARG
genes by Gcn4p when cells are grown in arginine replete media results in a negative
regulation [119, 122, 123] (described in detail in Chapters 3 and 4), while interactions of
Gcn4p with the promoters of the ARG genes when cells are grown in amino acid deficient
media results in a positive regulation as part of the S. cerevisiae general amino acid control
response [119, 122-124, 158]. In S. cerevisiae, Gcn4p is considered the master regulator of
this control response [125, 126]; it induces the expression of about 35 amino acid
biosynthetic genes of different pathways in response to starvation for any amino acid [120,
159]; including four of the ARG genes: ARG1, ARG3, ARG5,6 and ARG8 [126, 160]. Other
studies have shown that Gcn4p induces a larger set of genes encoding transporters, protein
kinases, and transcription factors; not only in response to amino acid starvation, but also to
other stress conditions such as glucose limitation and peroxide stress [126, 157].
C. albicans has a functional homologue of the S. cerevisiae Gcn4; when C. albicans
cells are starved for histidine, Gcn4 induces the expression of not only histidine biosynthetic
genes, but also the expression of genes involved in the synthesis of lysine, tyrosine,
phenylalanine and tryptophan [129]. Therefore, it has been suggested that C. albicans also
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exhibits a general amino acid control response [129]. Based on this information, it is
expected that Gcn4 would also induce expression of the ARG genes when cells are starved
for any amino acid. Additionally, it has been shown that C. albicans Gcn4 regulates a
morphogenetic response (yeast to pseudohyphae) during amino acid starvation and it is
also required for biofilm formation [129, 130]. Another difference between C. albicans and S.
cerevisiae Gcn4 is that in S. cerevisiae, GCN4 is mostly regulated at the translational level
while in C. albicans most of the regulation occurs at the transcriptional level [125, 161].
While the core function of Gcn4, regulation of amino acid biosynthetic genes, appears to be
conserved in both species, it is clear that there is a divergence regarding its cellular roles in
C. albicans and S. cerevisiae, possibly as a result of the different environments that each
fungus is exposed to.
Based on the data described above that suggest the existence of a Gcn4 regulated
general amino acid control response in C. albicans [129], we hypothesized that this
transcription factor is a positive regulator of the ARG genes; however, the results described
in Chapter 3 and Chapter 4 showed that the transcription factors identified to regulate the
expression of the ARG genes; including Gcn4, are primarily negative regulators [135]. The
promoter dissection analysis described in Chapter 4 showed the existence of a binding site
for a positive regulator in the promoter of the ARG3 gene that functions during amino acid
starvation, exposure to reactive oxygen species, and upon phagocytosis by macrophages,
suggesting the existence of a positive regulator of the ARG genes in C. albicans. As stated
before, there are marked differences in the cellular roles that Gcn4 has in S. cerevisiae and
C. albicans; therefore it is possible that the mechanism of induction of the ARG genes in C.
albicans has also diverged from S. cerevisiae.
To identify this positive regulator (or regulators) I screened two transcription factor
mutant libraries for arginine auxotrophs. The libraries screened included a mutant library
created by Clarissa Nobile and Aaron Mitchell using the UAU gene disruption method [149]
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and a mutant library created by Dominique Sanglard using four different gene inactivation
strategies including the URA blaster method and 100mer extensions [132, 142]. The UAU
gene disruption cassette is made of a functional C. albicans ARG4 gene with a
nonfunctional URA3 deletion derivative on each side; which have overlapping homology for
recombination [149]. After the first transformation the background strain becomes
heterozygous with a Arg+Ura- phenotype; then, a mitotic gene conversion event followed by
the excision of the ARG4 gene flanked by the URA3 fragments in one allele makes the
strain homozygous with an Arg+Ura+ phenotype [149]. This gene disruption method may
result in two different genotypes; the desired homozygous disruption mutant, and allelic
triplications. This allelic triplication mutants show a copy of the wild type allele in addition to
the two disrupted alleles; probably due to translocation, tandem duplication, or nondisjunction events [149].
Four positive regulator candidates were identified from the arginine auxotrophy
screening but only one of the mutants, uga33∆, linked phenotype to genotype. The
construction and characterization of a new uga33∆ mutant using a different disruption
technique showed that the phenotype observed from the original UAU mutant was an
artifact of this method.
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RESULTS
To identify putative positive regulators of the ARG genes two transcription factor mutant
libraries were screened to identify arginine auxotrophs; those mutants that were able to
grow in synthetic complete (SC) medium but not in SC-Arg medium. The two libraries
screened were created by Clarissa Nobile from Aaron Mitchell’s lab [149], and Dominique
Sanglard [142].
Initially, four positive regulator candidates were identified; however, upon
complementation, only the uga33∆ mutant linked phenotype and genotype. As this mutant
was constructed using arginine auxotrophy [129], a new uga33∆ mutant was constructed
using the SAT1 flipper cassette method of gene disruption [140]. This method uses a
cassette that has a dominant nourseothricin resistance marker that is used for the selection
of the transformants that have integrated the cassette; the marker is flanked by flippase
target sequences used to flip the cassette out. After two rounds of integration and excision,
homozygous mutants are generated that differ from the parent strain only by the absence of
the target gene [140].
Additional characterization of the uga33∆ SAT1 flipper mutant revealed that the
phenotype observed during the screening was an artifact that resulted from the method
used to construct one of the mutant libraries.
Identification of arginine auxotrophs- After screening the mutant libraries for arginine
auxotrophs; six transcription factor candidates, encoded by the following ORFs, were
identified: orf19.798, orf19.7523, orf19.1589, orf19.1729, orf19.2105, and orf19.7317 (Figure
5-1A). Only four of these mutants, at orf19.1589, orf19.1729, orf19.2105, and orf19.7317
from Aaron Mitchell’s mutant collection, showed a growth defect specific to arginine
deficiency (Figure 5-1B). All of these genes were uncharacterized in C. albicans and only
one, orf19.7317, annotated as UGA33 in the Candida Genome Database [132], was
reported to have a close homologue in S. cerevisiae,UGA3, a zinc-finger transcription factor
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that regulates expression of the genes for the metabolism of gamma-aminobutyrate [162].
Each of these candidates was complemented using the CIp20 vector (Table 2-2) with an
insertion of the cognate transcription factor open reading frame. As a control, each of the
candidates was also transformed with the CIp20 vector. Upon complementation only the
UGA33 candidate linked genotype to phenotype.
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Figure 5-1: Four candidate mutants show a growth defect specific to arginine
C. albicans mutant strains at orf19.798, orf19.7523, orf19.1589, orf19.1729, orf19.2105, and
orf19.7317 were grown on A. the indicated media or B. solid media lacking the indicated
amino acid at 30°C.
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Figure 5-1: Four candidates showed a growth defect specific to arginine
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In vitro studies of the four novel transcription factor candidates- Given that the
identified transcription factor candidates seem to positively regulate arginine biosynthesis
our ARG3p-GFP (full length promoter) (Table 2-2) reporter construct was transformed into
each of these transcription factor mutants to test their role in regulating the ARG genes by
means of GFP expression. The transformed candidates were grown in YPD or YNB media
and induction of the ARG3 promoter was determine using fluorescence microscopy. As
none of these transcription factor mutants are able to grow in SC-Arg or YNB media (Figure
5-1 and Figure 5-2), it was expected that the ARG3 promoter would not be induced in these
conditions; however, very strong fluorescence was detected in all of these mutants when
grown in amino acid deficient media compare to complete medium (Figure 5-2), suggesting
the existence of additional positive regulators of the pathway.
It was then hypothesized that the regulation exerted by these positive transcription
factors could be at a specific step in the arginine biosynthetic pathway; therefore, the
candidates were tested for their ability to grow on YNB solid medium supplemented with
glutamine, ornithine, or citrulline; the starting compound and two intermediates for the
synthesis of arginine respectively. As expected, the four mutants grew on YNB medium
supplemented with 0.2g/L of arginine. orf19.1729∆ mutant grew on media supplemented
with 0.2g/L of glutamine, ornithine, or citrulline (Figure 5-3) suggesting a role in the
regulation of the early steps of arginine or glutamine biosynthesis. uga33∆, orf19.1589∆,
and orf19.2105∆ mutants did not grow on YNB media supplemented with glutamine,
ornithine, or citrulline (Figure 5-3). These mutants only grew when the medium was
supplemented with arginine, suggesting a role in the regulation of the last step of arginine
biosynthesis, the conversion of L-argino-succinate to arginine and fumarate; possibly
through the regulation of the expression of ARG4. As expected the UGA33 complemented
strain grew in all conditions similar to the wild type strain (Figure 5-3).
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Figure 5-2: ARG3 is induced when mutants are grown in amino acid poor medium
A. C. albicans mutant strains at orf19.798, orf19.7523, orf19.1589, orf19.1729, orf19.2105,
and orf19.7317 were grown on the indicated media at 30°C. B. Mutants harboring the
ARG3p-GFP reporter (CJC5) were grown in YPD or YNB media for four hours at 30°C. Top
images from each panel are DIC images and bottom images are the corresponding GFP
images.
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Figure 5-2: ARG3 is induced when mutants are grown in amino acid poor media
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Figure 5-3: C. albicans mutants grown in media supplemented with intermediates of
the arginine biosynthetic pathway
C. albicans mutant strains at orf19.1589, orf19.1729, orf19.2105, orf19.7317
7 (CJC37), wild
type (SC5314), and orf19.7317
orf19.7317∆/CIp20-orf19.7317 (CJC36) complemented strain
st
were
grown on YNB solid media supplemented with 200 µg/ml of the indicated compound.
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As previously stated, upon transformation of each candidate with the empty CIp20
vector or the CIp20 harboring the gene for the cognate mutated transcription factor, only the
uga33∆ mutant linked phenotype and genotype. Therefore, only this mutant was used for
additional characterization. Northern blot analysis was used to study the role of Uga33 in the
regulation of the ARG genes. Cells were grown in YPD, YNB, or YNB supplemented with
200µg/ml of arginine for 15 minutes and RNA was collected to detect expression of ARG1,
ARG5,6, and ARG4 in each condition. As expected, these three genes were expressed in
the wild type and complemented UGA33 strains when cells were grown in YNB media
(Figure 5-4). Only ARG1 and ARG5,6 were expressed in the uga33∆ mutant when cells
were grown in YNB medium, but not ARG4 (Figure 5-4), consistent with the previous results
that suggest that Uga33 is a positive regulator of ARG4 (Figure 5-3). RNA collected from
arg1∆, arg3∆, arg4∆, and arg5,6∆ mutants grown in YNB medium was used to control
specificity of the probes.
Construction and characterization of a new uga33∆ mutant- The transcription factor
mutant library created by Aaron Mitchell’s lab was constructed using the UAU insertion
cassette, which is made of a ARG4 gene flanked by nonfunctional parts of the URA3 gene
[149]. Therefore, the mutants were created using BWP17(ura3∆::λimm434/ura3∆::λimm434
his1::hisG/his1::hisG arg4::hisG/arg4::hisG)[163] as the background C. albicans strain. Our
in vitro studies using the uga33∆ UAU mutant suggest that Uga33 positively regulates the
expression the ARG4 gene specifically when cells are grown in amino acid deficient media,
but as ARG4 was used as one of the markers to construct the mutant strain it was
hypothesized that the phenotype observed was an artifact caused by the method used to
construct the mutant. Therefore, a new uga33∆ homozygous mutant was created using the
SAT1 flipper cassette method described by Reuβ et al which uses resistance to
nourseothricin to select transformed candidates [140]. This new uga33∆ homozygous
mutant was tested in vitro for its ability to grow in media lacking amino acids. As expected,
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this new mutant was able to grow in complete medium similar to the wild type strain as well
as the UAU uga33∆ mutant, however, it also grew in the amino acid deficient medium YNB
and in SC-Arg (Figure 5-5); suggesting that the phenotype observed for the UAU uga33∆
mutant was indeed an artifact of the method used to construct the mutant.
It has been shown that the ARG genes are induced upon exposure to reactive oxygen
species [135]; therefore, it was hypothesized that Uga33 had an important regulatory role
when cells are exposed to ROS. The ability of the SAT1 flipper uga33∆ homozygous mutant
to grow in complete media supplemented with different concentrations of hydrogen peroxide
was tested using spot dilution assays. The results showed that the mutant strains grew as
well as the wild type in these conditions (Figure 5-6A). In addition, no phenotype was
observed when the uga33∆ mutant was grew at 37°C when compared to the wild type strain
(Figure 5-6B), in different carbon (Figure 5-8), or different nitrogen sources (Figure 5-9).
These experiments concluded the characterization of the uga33∆ mutant and
suggested that Uga33 does not have a role in the regulation of the ARG genes. No
phenotype for SAT1 flipper uga33∆ mutant was identified.
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Figure 5-4: ARG4 is not express
expressed in the uga33∆ mutant when cells are grown
g
in
arginine deficient medium
Wild type (SC5314), uga33∆
∆ (JMR078), and uga33/UGA33 (CJC36) C. albicans cells were
grown in YPD at 30°C to an OD600 of 1.0,, washed once with sterile water and transferred to
YNB or YNB supplemented with 200 µg/ml of arginine for 15 minutes at 30°C shaking. RNA
was collected from each sample for Northern blot analysis using pr
probes
obes for the indicated
genes. RNA collected from C. albicans arg1∆, arg3∆, arg4∆, and arg5,6∆ mutants was
similarly collected to control for probe specificity.
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Figure 5-5: The SAT1 flipper uga33∆ homozygous mutants grow in arginine deficient
medium similarly to the wild type strain.
Wild type (SC5314), two SAT1 flipper uga33∆ independent mutants, uga33∆ UAU mutant
and its complemented C. albicans strains were grown on A. YPD, B. YNB, C. YNB
supplemented with arginine, or D. SC-Arg solid media at 30°C.
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Figure 5-6: SAT1 flipper uga33∆ mutants showed no phenotype compared to the wild
type strain when cells are grown in the presence of hydrogen peroxide or at 37°C
Wild type (SC5314) and two independent SAT1 flipper uga33∆ mutant strains (CJC38 and
CJC39) were grown O/N in YPD medium at 30°C. The next day cells were washed with
water and resuspended in 200 ml of sterile water. 1:4 serial dilutions were prepared for each
strain in a 96-well plate starting with a number of cells equivalent to an OD600 of 1.0.
Dilutions were spotted with a multichannel pipette on YPD plates A. supplemented with the
indicated concentrations of hydrogen peroxide or B. grown at 37°C.
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Figure 5-6: SAT1 flipper uga33
uga33∆ mutants showed no phenotype compared
ompared to the wild
type strain when cells are grown in the presence of hydrogen peroxide or at 37°C
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Figure 5-7: SAT1 flipper uga33∆ mutants showed no phenotype when grown in
different carbon sources compared to the wild type strain.
Wild type (SC5314) and two independent SAT1 flipper uga33∆ mutant strains were grown
O/N in YPD medium at 30°C. The next day cells were washed with water and sub-cultured
to an OD600 of 0.2 in media containing either A. 2% Glucose; B. 1% α-ketoglutarate; C. 1%
Casamino acids; or D. 1% Glutamate, as the only carbon source. Cultures were grown at
30°C shaking, and growth was monitored by taking the OD600 at 3, 5, 7, 9, and 24 hours post
sub-culturing.
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Figure 5-7: SAT1 flipper uga33∆ mutants showed no phenotype when grown in
different carbon sources compared to the wild type strain.
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Figure 5-8: SAT1 flipper uga33∆ mutants showed no phenotype when grown in
different nitrogen sources compared to the wild type strain.
Wild type (SC5314) and two independent SAT1 flipper uga33∆ mutant strains were grown
O/N in YPD medium at 30°C. The next day cells were washed with water and sub-cultured
to an OD600 of 0.2 in media containing 5 g/L of either A. Ammonium sulfate; B. Allantoin; C.
Arginine; or D. Urea, as the only nitrogen source. Cultures were grown at 30°C shaking, and
growth was monitored by taking the OD600 at 3, 5, 7, and 24 hours post sub-culturing.
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Figure 5-8: SAT1 flipper uga33∆ mutants showed no phenotype when grown in
different nitrogen sources compared to the wild type strain.
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DISCUSSION
This chapter describes the screening of two transcription factor mutant libraries in
search of a positive regulator of the arginine biosynthetic genes. As previously described,
very little is known about the regulation of the ARG genes in C. albicans and, while negative
regulators have been successfully indentified [135], positive regulators are still unknown.
Based on the regulatory mechanisms for the induction of the ARG genes in S. cerevisiae
and the existence of a general amino acid control response in C. albicans that is also
coordinated by the transcription factor Gcn4p [129], we hypothesized that Gcn4p induces
the expression of the ARG genes in C. albicans as well. However, in previous studies using
a gcn4∆ mutant harboring a GFP reporter in which GFP expression is under the control of
the ARG1 or ARG3 promoter, I have shown that Gcn4p is a negative regulator of the ARG
genes in conditions of amino acid starvation as well as phagocytosis by murine
macrophages [135]. On the other hand, my promoter dissection analysis using GFP
reporters clearly showed the presence of a positive regulatory element in the promoter of
ARG3 between 175 and 200 base pairs upstream from the translational start site. These
results are supported by further site-directed mutagenesis of a putative cis-acting element
within that region, as described in Chapter 4. In addition, this positive regulatory element
functions in conditions of amino acid starvation, phagocytosis by macrophages, and
exposure to reactive oxygen species.
The screening of the Mitchell and Sanglard [142, 149] transcription factor mutant
libraries resulted in the identification of four candidates for positive regulators specific for
arginine biosynthesis. At the time these candidates were indentified, all of them were
uncharacterized, and only one of them, orf19.7317, was annotated as UGA33 in the
Candida Genome Database [132]. This transcription factor was reported to be a close
homologue of the S. cerevisiae UGA3, a zinc-finger transcription factor for the regulation of
the genes associated with the metabolism of gamma-aminobutyrate [162]. After
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complementation of each of the candidates, uga33∆ mutant was the only one linking
phenotype and genotype; therefore, additional characterization of this mutant was carried
out. The growth assays done on YNB media supplemented with arginine, or intermediates of
the arginine biosynthetic pathway as well as the Northern blot analysis suggested that the
last step of arginine biosynthesis, the conversion of L-argino-succinate to arginine and
fumarate is defective in this strain [164, 165], possibly by inducing the expression of ARG4
which encodes the enzyme arginosuccinate lyase for the catalysis of this final step [164,
165].
At this point it was a little suspicious that the phenotype seen from the uga33∆ mutant
was associated with the regulation of ARG4, the gene mutated to create the auxotrophy in
the strain that was used to construct the mutant library [149, 166]. Therefore, I created a
“clean” uga33∆ homozygous mutant using the SAT1 flipper cassette method [140]. Using
this method, the only genotypic difference between the mutant and the parental strain
(SC5314) is the mutated gene, avoiding the need of any auxotrophic marker. As speculated,
this new uga33∆ mutant was able to grow in media lacking arginine similar to the wild type
strain SC5314; therefore, the initial phenotype observed from the uga33∆ mutant from the
Mitchell collection was an artifact that resulted from the method used to construct the
mutant. Additional characterization was performed in order to find a phenotype for the SAT1
flipper uga33∆ mutant. It was tested for its ability to use different carbon and nitrogen
sources, as well as for sensitivity to ROS and temperature; however, no phenotype was
observed in any of these conditions.
Recent transcript profiling analysis of C. albicans biofilms has shown that Uga33 is a
transcription factor that regulates the first step of biofilm formation, which is adherence of
cells to the substrate [133, 167, 168]. It has also been shown that Uga33 induces the
expression of some transcription factors that belong to a group known as Cell Surface
Targets of Adherence Regulators [133]. Considering that Uga33 is an inducer of biofilm
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related genes, it is unlikely that UGA33 is inducing the ARG genes upon phagocytosis by
macrophages, because a biofilm state would not favor C. albicans escape from the immune
cells.
A positive regulator of the ARG genes in C. albicans has not been identified yet;
however, Hong and Yoon have shown that in S. cerevisiae, Mcm1 positively regulates the
expression of ARG1 when cells are grown in arginine deficient media, only in the absence of
Gcn4 [119]. They have proposed that Mcm1 may play a dual role in the regulation of the
ARG genes. When cells are grown in arginine rich media, Mcm1 forms a complex with the
ArgR regulators to repress the expression of the ARG genes. But when cells are starved for
arginine and in the absence of Gcn4, Mcm1 binds to the Gcn4 binding sites in the promoter
of ARG1, which contains elements for the binding of Mcm1 as well and induces expression
of ARG1 [119] . C. albicans has a homologue of S. cerevisiae MCM1 [169] which has been
shown to bind to the promoters of ARG3, ARG5,6, and ARG8 [131]; indeed, the
computational analysis that I described in Chapter 4 showed the presence of a putative
binding site for Mcm1 in the region that according to my promoter dissection analysis should
have a binding site for a positive regulator of ARG3. Based on these data, Mcm1 is a strong
candidate for a positive regulator of the C. albicans ARG genes; however, additional studies
are needed to test this hypothesis. The toolbox of tagged transcription factors that I have
created, described in Chapter 4, includes a Mcm1-myc tagged protein strain that could be
used to test binding of Mcm1 to the putative cis element found with the promoter dissection
and computational analyses, to elucidate the role of Mcm1 in the regulation of the C.
albicans ARG genes.
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Chapter 6: Conclusions and Perspectives
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Candida albicans is one of the most important human-associated fungi; under normal
circumstances it is a benign colonizer of human mucosal surfaces, however, certain
changes in the host environment may lead to the transition of C. albicans from a commensal
to a pathogenic organism [9, 10, 27]. As a pathogen, C. albicans can cause superficial
infections such as oropharyngeal thrush; as well as fatal systemic infections such us
disseminated and invasive candidiasis [6]. The life threatening disseminated infections affect
mostly those individuals that have a deficient or compromised immune system such as HIV,
diabetes, chemotherapy, and organ transplant patients, as well as those showing disruption
of the mucosal barriers [9, 13, 29, 33, 170]. In addition, these disseminated infections are
associated with very high mortality rates (46-75%) and are considered the fourth most
common hospital-acquired bloodstream infections [4, 11, 12]. Infections caused by C.
albicans have became very difficult to treat due to the lack of fast diagnostic methods, the
limited number of antifungal drugs available, as well as the emergence of resistant strains
[4].
Several studies have shown that the success of C. albicans as a pathogen of humans is
mostly due to its ability to adapt to the adverse environmental conditions it encounters inside
the host, and in the past few years many transcriptional and proteomic studies have been
dedicated to analyzed in more depth the interactions between C. albicans and the cells of
the innate immune system; which are the ones that, after penetration of the mucosal
barriers, are the first line of host defense that the fungal cells encounter [48, 85, 90, 96, 98100, 134]. All together, these studies have shown that upon interactions with the phagocytic
cells of the mammalian innate system, C. albicans regulates a different set of genes than
those regulated during a commensal state; indeed many of these differentially regulated
genes have been shown to be important for the virulence of this fungus. Moreover, it has
been demonstrated that these massive events of transcriptional reprogramming are specific
for each phagocytic cell (neutrophils vs. macrophages) suggesting that C. albicans is able to
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distinguish between these two types of cells and elicit and appropriate response against
each of them [48, 85, 90, 96, 99, 100]. Therefore, the study of the C. albicans host-pathogen
interactions is of great importance for understanding the mechanisms that this opportunistic
pathogen uses to colonize and establish infection in the mammalian host. My work has
contributed to understanding the interactions between C. albicans and macrophages,
shedding light on possible strategies that this fungal pathogen uses in order to survive and
escape killing by these phagocytic cells.

Arginine biosynthesis is specifically upregulated upon phagocytosis by murine
macrophages: A transcript profiling analysis of C. albicans during interactions with murine
macrophages showed that C. albicans goes through a massive transcriptional
reprogramming event highlighted by the strong upregulation of genes involved in the
utilization of alternative carbon sources [90], and many of the highly upregulated genes are
critical for the full virulence of C. albicans. Remarkably, arginine biosynthesis is the only
amino acid biosynthetic pathway upregulated in these conditions [90]. Using fluorescence
reporters constructed with the promoter regions of the ARG1 and ARG3 genes to drive
expression of GFP, my work has shown that the arginine biosynthetic genes are
upregulated specifically upon phagocytosis by murine macrophages as only those cells that
have been phagocytosed showed strong GFP fluorescence compared to extracellular C.
albicans or those cells grown in RPMI media only [135]. The induction of the ARG genes
upon phagocytosis by murine macrophages is seen using both bone marrow derived
macrophages as well as the immortalized cell lines J774.A and RAW264.7 and supported
by GFP fluorescence intensity quantitation.
Arginine deficiency was first considered as a possible reason for the upregulation of the
arginine biosynthetic genes upon phagocytosis of C. albicans. Even though it is unlikely that
the phagosome is deficient in only one of the 20 amino acids, the use of arginine by the
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phagocyte iNOS to produce nitric oxide as part of the oxidative burst may lead to a decrease
of this amino acid pool resulting in the induction of the ARG genes. However, this
hypothesis was ruled out because, as I will discuss in the next section, these genes are not
induced in NADPH oxidase mutant macrophages which still have a functional iNOS.

Induction of the ARG genes upon phagocytosis is due to exposure to reactive
oxygen species: An RNA-seq study of C. albicans cells exposed to different stress
conditions including moderate and high concentrations of hydrogen peroxide (0.5-1.0 mM
respectively) showed that in vitro, some of the ARG genes are upregulated in response to
moderate concentrations of hydrogen peroxide [95]. Based on these studies I hypothesized
that upon phagocytosis of C. albicans cells by murine macrophages, the ARG genes were
upregulated in response to the reactive oxygen species produced by the macrophages as
part of the oxidative burst. My work has shown that, indeed, the ARG genes are upregulated
in response to ROS produced by the NADPH phagocyte oxidase [135]. This conclusion is
supported by data showing that when C. albicans ARG1 and ARG3-GFP reporter strains are
phagocytosed by bone marrow-derived macrophages isolated from mice harboring mutation
in the gp91phox subunit of the NADPH phagocyte oxidase, therefore unable to produce ROS,
there is no GFP fluorescence produced by these reporter strains. On the other hand,
reporter cells phagocytosed by bone marrow-derived macrophages isolated from wild type
mice, showed a significant amount of fluorescence when compared to extracellular C.
albicans cells or to those grown in tissue culture medium only [135]. The finding that the
ARG genes are induced in response to mild concentrations of ROS was also supported by
in vitro data collected from Northern blot analyses as well as fluorescence microscopy in
which C. albicans cells were exposed to different concentrations of ROS including hydrogen
peroxide, tert-butyl hydroperoxide (t-BOOH), and menadione; in these conditions, the ARG
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promoters were induced only at specific moderate concentrations of hydrogen peroxide and
t-BOOH [135].
Why are the arginine biosynthetic genes induced by ROS? One speculation is that
overproduction of arginine helps the fungal cells to deal with the oxidative burst generated
by the phagocytes, in this case macrophages, as a mechanism of defense. It has been
shown that in S. cerevisiae, overproduction of arginine by means of proline oxidation by the
enzymes Put1 and Mpr1 at the mitochondria in response to oxidative stres confers
increased tolerance to ROS [171]. In addition, Nishimura and colleagues have shown that
production of arginine from proline by the action of Put1 and Mpr1 results in the synthesis of
nitric oxide (NO) by the flavoprotein Tah18 [172]. In S. cerevisiae, production of low levels of
NO has been associated with stress response pathways such as those to hydrostatic
pressure and hydrogen peroxide-induced apoptosis [173, 174], and in mammals, plants and
bacteria, NO has been shown to activate antioxidative mechanisms [175-177]. Based on
these studies as well as the existence of PUT1, MPR1, and TAH18 homologues in C.
albicans it is possible that this mechanism is also being used in C. albicans to survive to the
host oxidative burst and that the ARG genes are being induced as part of this mechanism.
Remarkably, based on bioinformatics, this mechanism of detoxification using Tah18 and
Mpr1 to produce NO seems to be present and highly conserved only in fungi, representing
potential targets for the development of antifungal drugs [172]
Another explanation for the induction of the ARG genes in response to ROS is based
on previous studies that have shown a link between ROS and C. albicans filamentation
[155, 156]. As shown by my Northern blot analysis and fluorescence microscopy, the ARG
genes are induced upon exposure to specific moderate concentrations of ROS; therefore, it
is possible that C. albicans, uses ROS as a signal to trigger mechanisms that will contribute
to the ability of the fungal cells to escape the macrophage attack and that may involve, as
explained in the next section, the synthesis of arginine.
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Link between arginine and hyphal development: My work and that of others has
suggested a link between arginine metabolism and hyphal development in C. albicans. As
explained before, the ARG genes are induced upon phagocytosis by murine macrophages
in response to reactive oxygen species produced by the immune cells possibly as a signal to
activate antiphagocytic mechanisms [135]. A very important antiphagocytic mechanism is
hyphal morphogenesis; upon macrophage phagocytosis these fungal filaments are used to
pierce the immune cells and escape. Indeed, previous studies have shown that both ROS
and arginine biosynthesis are linked to hyphal development in C. albicans [92, 154, 155]. It
has been shown that the ability to completely synthesize and degrade arginine has an
impact on hyphal morphogenesis [92]; in addition, the ammonia and carbon dioxide that
result from the degradation of arginine are both potent signals for hyphal morphogenesis
[86, 156]. To reinforce the link between arginine and hyphal development in C. albicans, our
lab has also shown that arg1∆ and arg3∆ mutants have a significant delay in filamentation
upon phagocytosis by murine macrophages compared to the wild type strain [135].
However, these mutants show complete virulence in a mouse model of disseminated
candidiasis [135], suggesting that the filamentation defect is overcome in the whole animal
model and that probably it is a secondary effect of the activation of the ARG genes. It is
clear that the link between arginine metabolism, ROS, and hyphal development exists;
however to date, the only mechanism by which ROS activates the arginine biosynthetic
genes is that one proposed by Nishimura and colleagues, which involves the enzymes Put1
and Mpr1 [171, 172].

Regulation of the ARG genes is outside the general amino acid control response:
Based on the mechanisms that S. cerevisiae has to regulate expression of the ARG genes
as well as the presence of homologues of these regulators in C. albicans, it was reasonable
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to think that C. albicans may use the same mechanisms to regulate the expression of its
ARG genes. One of our remarkable findings is that the regulation of the ARG genes in C.
albicans seems to be outside the general amino acid control response [135], as the results
from my fluorescence microscopy and Northern blot analysis do not show a positive
regulatory role for Gcn4, but rather a negative one. Previous studies suggested that the
general amino acid control response, with Gcn4 as its master regulator, was also present in
C. albicans to control expression of many amino acid biosynthetic genes in response to
amino acid starvation [129]. However, using GFP reporters I was able to show that the ARG
genes are not controlled by this mechanism as specific concentrations of arginine are able
to repress the ARG3 promoter even when other amino acids are missing in the growth
medium [135]. In addition, using gcn4∆ mutant reporter strains I showed that Gcn4 is a
negative regulator of the ARG genes in C. albicans, as these mutants showed constitutive
GFP expression when grown in vitro or cocultured with murine macrophages [135]. This
negative regulatory function of the Gcn4 transcription factor correlates with an additional
function of Gcn4 in S. cerevisiae in which Gcn4 negatively regulates the ARG genes by
recruiting a negative regulator to the promoter of some of the ARG genes when cells are
grown in arginine replete media [122].
With the identification of Gcn4 as a negative regulator of the ARG genes and failure to
identify a positive regulator from the Sanglard and Mitchell transcription factor mutant
collections, the existence of a positive regulator of the ARG genes is still unknown. The
results from my computational analysis and site-directed mutagenesis showed the presence
of a binding site for a positive regulator in the promoter of ARG3 which is very close to a
putative Gcn4 binding site and correlates with my promoter dissection analysis. Interestingly,
this cis acting element appears to be a binding site for a positive regulator in vitro when cells
are grown in arginine deficient media; however, it behaves as a binding site for a negative
regulator when cells are cocultured with murine macrophages as determined by means of
130

GFP fluorescence intensity. This cis acting element or the still unknown transcription factor
could be the key player in how C. albicans differentially regulates the ARG genes in
response to arginine deficiency versus interactions with the host.
One strong candidate for positive regulator of the ARG genes is the transcription factor
Mcm1. My computational analysis as well as ChIP analysis performed by Lavoie and
colleagues has shown the presence of binding sites for Mcm1 in the promoters of some of
the ARG genes [131]. Although Mcm1 negatively regulates the expression of the ARG
genes in S. cerevisiae as part of the ArgR/Mcm1 complex when cells are grown in the
presence of arginine; it has also been shown that Mcm1 positively regulates binding of Gcn4
to the promoters of ARG1 to induced its expression when cells are grown in arginine
deficient medium [123]; similarly, Mcm1 induces expression of this gene when cells are
grown in arginine deficient medium in the absence of Gcn4 occupying Gcn4 binding sites
[119]. Therefore, it is possible that Mcm1 is also playing a dual regulatory role in C. albicans;
or that it has diverged and maintains only one function either negative or positive for the
regulation of the C. albicans ARG genes. Since MCM1 is an essential gene, characterization
of the transcription factor presents additional challenges.

Regulation of the ARG genes has diverged from the S. cerevisiae paradigm: C.
albicans encodes homologues for some of the S. cerevisiae regulators of the ARG genes;
Gcn4 and the ArgR/Mcm1 negative regulatory complex (Mcm1, Arg80, Arg81, and Arg82). It
has a homologue for the transcription factor Gcn4; however, while in S. cerevisiae Gcn4 is
both a positive and negative regulator of the ARG genes, in C. albicans Gcn4 is only a
negative regulator of this group of genes [135]. Regarding the ArgR/Mcm1 complex, C.
albicans also has one homologue for each the transcription factor Mcm1 and the kinase
Arg82, and while previous studies have shown that there are binding sites for Mcm1 in the
promoter region of some of the ARG genes [131], the direct participation of Mcm1 in the
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regulation of the ARG genes is still uncertain. In addition, C. albicans is missing the
transcription factor Arg80 but has two homologues for the transcription factor Arg81, Arg81
and Arg83. My work has shown that similar to Gcn4, Arg81 is also a negative regulator of
the ARG genes in C. albicans; as GFP reporter strains constructed using an arg81∆ mutant
strain showed constitutive GFP expression in vitro as well as in coculture conditions [135]. In
this case, the function of Arg81 in C. albicans correlates with that in S. cerevisiae, in which
the Arg81 transcription factor negatively regulates the expression of the ARG genes when
cells are grown in arginine replete media as part of the ArgR/Mcm1 regulatory complex
[116]. Fluorescence microscopy studies were also performed in order to characterize an
arg83߂ mutant; however, despite the homology between ARG81 and ARG83, the arg83∆
cells showed a phenotype similar to that of the wild type strain, induction of the ARG genes
when cells were grown in amino acid deficient medium or upon phagocytosis by murine
macrophages [135].
The identification of Gcn4 as a negative regulator of the ARG genes in C.albicans as
well as the presence of an additional regulator, Arg83, and the absence of another, Arg80,
has lead us to conclude that the regulation of the ARG genes in C. albicans has diverged
from the S. cerevisiae paradigm, encoding conserved and possibly unique, as the positive
regulator is still unknown, factors to coordinate arginine biosynthesis regulation not only
during amino acid starvation but also during interactions with cells of the mammalian innate
immune system. Since C. albicans is an opportunistic pathogen of humans is evident that
the environmental conditions these cells are exposed to are very different to those at which
S. cerevisiae is exposed, a different set of conditions such as those encountered upon
interactions with the innate immune system might explain the differences in the regulation of
the ARG. Conditions such as exposure to reactive oxygen species produced by the
phagocytic cells can lead for example to protein mistranslations that will cause damage to
the fungal cells but that in the long run will result in the adaptation of the pathogen to its host
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environment. One well documented example of this process is described by Ling and
colleagues; when Escherichia coli cells are exposed to severe oxidative stress, protein
mistranslation is induced as a result of direct impairment of the editing site of the aminoacyltRNA synthetase [178]; however, increasing the mistranslation level aids E. coli to survive
certain selective pressures [179]. The different inputs to which the C. albicans cells are
exposed to upon interactions with the host may lead to the divergence of the regulatory
mechanisms use to control expression of the ARG genes.

The ARG regulatory elements identified so far are the same for arginine
starvation, exposure to reactive oxygen species and phagocytosis by murine
macrophages: A promoter dissection analysis using GFP reporters and fluorescence
microscopy allowed me to identify two regulatory regions in the promoter of ARG3 one for
positive regulation and the other for negative regulation. These regulatory elements were
functional when C. albicans cells were grown in vitro using complete vs. amino acid deficient
media as well as during cocultures with murine macrophages and exposure to reactive
oxygen species. Based on the S. cerevisiae paradigm for the regulation of the ARG genes, I
used computational analysis to identified putative cis-acting elements in the promoters of the
C. albicans ARG genes where the transcription factors Mcm1, Gcn4, and Arg81 potentially
bind. Three binding sites where identified which positions correlate with the position of the
regulatory elements identify in the promoter dissection analysis. Additional site-directed
mutagenesis of the identified putative cis acting elements combined with fluorescence
microscopy showed that two of these sites are binding sites for negative regulators while the
other one is for a positive regulator; in addition, the two negative regulatory elements are
functional in vitro as well as during coculture with macrophages, while the positive regulatory
element appears to be functional only during in vitro conditions. Even though my data show
that the same regulatory elements are being used in all mentioned conditions, it remains to
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be determined whether the same transcription factors bind to the same cis acting elements
in each of the conditions. In addition, it would be interesting to determine whether the
interactions among the transcription factors are the same upon exposure to amino acid
starvation or hydrogen peroxide, for example. To better elucidate the mechanism for the
regulation of the ARG genes I have created a set of tagged transcription factors to be used
for the study of the interactions between the previously identified cis and trans regulatory
elements of the ARG genes in conditions such as arginine starvation, ROS, or phagocytosis.
Studies performed by Finkel and colleagues have shown that an arg81∆ mutant is one of
the most defective mutants in adherence to substrate in a model of biofilm attachment [133];
a function never associated with Arg81 before. Therefore, one important project would be to
study the regulons of these transcription factors using chromatin immunoprecipitation
followed by deep sequencing. Identification of the genes that these transcription factors
regulate during specific growth conditions will help to understand the purpose and
mechanism of the upregulation of the ARG genes upon phagocytosis by murine
macrophages.

Figure 6-1 summarizes my findings regarding the induction and regulation of the C.
albicans ARG genes as well as some open questions that will encompass the future
development of this project. The ARG genes are negatively regulated by Arg81 and Gcn4
when cells are grown in arginine rich medium (Figure 6-1A). While putative binding sites for
these transcription factors have been identified in the promoter of ARG3, it has not been
determined yet whether and in what specific conditions these transcription factors bind to
the putative cis acting elements. In addition, it still needs to be determined whether these
interactions are direct or indirect as well as whether they form a complex such as the one in
S. cerevisiae or independently regulate the expression of the ARG genes. I have also shown
that the ARG genes are derepressed and possibly induced when cells are grown in arginine
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deficient medium or exposed to ROS (such as upon phagocytosis by murine macrophages)
(Figure 6-1B). One possible mechanism for the derepression of the ARG genes is by the
sensing of arginine. In. S. cerevisiae, Arg81 is the sensor of arginine, which by means of
conformational changes based on the presence or absence of arginine leads to the correct
assembly of the ArgR/Mcm1 complex [116]. Another option for the derepression/induction of
the ARG genes is the presence of a positive regulator such as Mcm1 (Figure 6-1C). This
transcription factor can derepress/induce the ARG genes indirectly by interacting with the
negative regulators Arg81 and Gcn4, or directly by binding to a cis acting element in the
promoter of the ARG genes. Lavoie and colleagues have shown the presence of a binding
site for Mcm1 in the promoter of ARG81; similarly, this same group and I have shown the
presence of binding sites for Mcm1 in the promoters of the ARG genes supporting both a
direct or indirect participation of Mcm1 in the regulation of the ARG genes [131]. Finally,
there is a very interesting potential aspect of the regulation of the ARG genes that remains
to be elucidated, which is the induction of the pathway by means of the N-acetyltransferase
Mpr1 and the proline oxidase Put1, which based on previous studies with S. cerevisiae may
results in the generation of NO for the protection of the fungal cells [171, 172].

Overall, my project has helped to elucidate new aspects of the host-pathogen
interactions between C. albicans and the innate immune system. Moreover, I have
demonstrated that when using S. cerevisiae to understand functions and mechanism in C.
albicans, it is important to considerer that this fungal pathogen has evolved and adapted to
the host environments; and therefore, diverged from the non pathogenic yeast S. cerevisiae.
My studies are likely to lead to the identification of biological features that are unique to C.
albicans which could be use for the development of more efficient diagnostic tools as well as
new treatments against infections caused by this opportunistic pathogen.

135

Figure 6-1:
1: Model for the regulation of the ARG genes in C. albicans
(A) The ARG genes are negatively regulated by Arg81 and Gcn4 when cells are grown in
arginine rich medium. (B) They are induced in when cells are grown in arginine deficient
media or when exposed to ROS. (C) Induction/derepression of the ARG genes could be
carried out directly or indirectly by a positive regulator such as Mcm1. (D) Induction may be
achieved by means of Mpr1 and Put1.
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